| | 
q 
| 
| 
i 
ta 
4 
| 
i 
| 


5 


9 


* 


CHANGES IN PHOSPHATE AND CARBOHYDRATE 
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In recent years there have been many studies concerning the metabolic 
disturbances in shock secondary to injury, hemorrhage, and burns. Among 
the very marked changes reported are those involving carbohydrates. The 
glycogen stores of liver (1) and muscle are reduced in rats shocked by limb 
injury, and these tissues are unable to replenish their glycogen stores after 
glucose administration. The blood sugar levels first increase and later are 
reduced to normal values or below. After glucose administration by mouth 
the blood sugar is greatly elevated, the high level persisting tor many hours. 
The administration of insulin reduces the blood sugar level in these animals 
but does not improve the storage of glycogen in the liver (1). It will be 
shown in this paper that insulin does not prevent reduction in the glycogen 
level in untraumatized muscle in the shocked rats. ‘These observations 
suggest that insulin may accelerate the utilization of sugar in peripheral 
tissues in these animals. Sacks (2) first showed that insulin increased the 
incorporation of P® in adenosine triphosphate (ATP) and phosphocreatine 
(PC) in normal anesthetized eats. In view of this finding and because of 
the carbohydrate changes mentioned, « comparison was made between the 
etfect of insulin on the uptake of P® in ATP and PC in shocked and in nor- 
mal animals. 

Some workers (3) suggest that an important tactor in the development 
of shock is the depletion of high energy phosphorus compounds essential 
for the metabolism of earbohydrate. To investigate this possibility a study 
of the labile phosphates in the muscle of shocked rats was made with radio- 


active phosphorus. 
Materials and Methods 


Rats ot Wistar strain, weighing between 150 and 250 gm., were the test 
animals. (C:lycogen estimations were made by a modification of the method 
of (rood, Kramer, and Somogyi (4). Radiophosphorus in the form of 
disodium phosphate was used for the phosphorus studies. ‘Tissue samples 
were taken under sodium amytal anesthesia. The tissues were frozen 
tmmediately by unmersion in liquid air, then finely powdered in a chilled 


"Submitted in partial fulfilment of the requirements for the degree of Doetor of 
Philosophy at the University of Toronto. 


4 3 
j 
| 
| 
¥ 
> 
| 
> 
4 
* 
; 


2 SHOCK AND PHOSPHATE AND CARBOHYDRATE 


mortar, and transferred to a tared tube for weighing. ‘The phosphates 
were extracted in 10 per cent trichloroacetic acid at O°. Inorganic phos- 
phate, phosphocreatine, and total acid-soluble phosphate fractions were 
determined according to the methods of Fiske and Subbarow (5) and ATP 
as the 7 minute-hydrolyzable phosphorus in 1 N HCI at 100°. 

Aliquots of each phosphate fraction were taken for the determination of 
its isotopic content. The phosphorus was precipitated from the neutralized 
aliquot with magnesia mixture, as magnesium ammonium phosphate. 
Tubes were generally allowed to stand overnight, although Furchgott and 
Shorr (6) find that a few hours are sufficient for precipitation. Following 
precipitation, the tubes were centrifuged and the supernatant discarded. 
The*precipitate was redissolved in 2 per cent HCI] (1 ec.) and transferred 
with two washings of 1 cc. each to filter papers (7 cm.), placed on 8 inch 
squares of vitafilm (Haugh’s Products, Toronto), and allowed to dry in air. 
After drying, the vitafilm was folded into envelopes and sealed with cellulose 
tape. The samples were then read in «a Geiger-Miller counter. Estima- 
tion of the isotopic content of the phosphate sample was based on the counts 
per minute per mg. of phosphorus recovered in the sample. This gives a 
measure of the specific activity of the sample. 

In the shock experiments the value for the isotope was standardized by 
calculating the activity on the basis of the amount of radiophosphorus 
injected per unit weight of the animal. The amount injected was com- 
puted from standards made up from aliquots of the preparation for injec- 
tion. 

The experimental rats were given | cc. of 25 per cent glucose by stomach 
tube and then were fasted for 24 hours prior to tissue sampling. Shock was 
induced by a clamping procedure (1). The clamps were applied to both 
hind legs 2nd left in place for from 12 to 14 hours. After removal of the 
clamps shock began to develop. 


Results 


Muscle Glycogen—-Fasted rats were shocked as described above. In one 
group the animals remained in the fasting state. In 2 second group each 
rat received 2 cc. of 25 per cent glucose by stomach tube at the time of re- 
lease of the clamps. A third group received 2 units of insulin per rat at the 
time the sugar was given. Control groups with and without sugar were 
also observed. Samples of muscle were removed under sodium amytal 
anesthesia and their glycogen content determined. Fore leg samples were 
obtained from both triceps muscles and hind leg samples from both gastroc- 
nemius muscles. 

In control rats the values for the glycogen content of hind leg muscle were 
similar to those obtained for fore leg muscle. In thirty shocked animals 
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the glycogen content of hind leg (injured) muscle was less than 0.05 gm. 
per cent, and in most cases Was not measurable. The hind leg muscles were 
therefore not studied in the rest of the experiment. 

The glycogen values for fore leg muscles in control and shocked rats are 
shown in Fig. 1. The glycogen content of the triceps in shocked rats is 
variable but usually is much less than normal. This reduction in muscle 
glycogen is progressive, the concentration becoming lower as shock develops. 


contro/ contro/ shock shock shock shock shock shock 
suger suger suger suger suger 
mnsulin msulin 
Lhr. 4hr. 4hr- 4hr- 
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Ce Cee 0/8 0-23 
hia. |. Glveogen coneentration im fore leg muscle (triceps) for shocked rats, 
shocked rats given 2 ec. of 25 per cent glucose by stomach tube at the time the clamps 
were removed, and shocked rats given 2 units of insulin in addition to the sugar. 
Values obtained early (2 hours after removal of the clamps) and late in shock (4 hours 
after removal of the clamps are shown. Control values for fasting rats and for rats 
4 hours after sugar administration are also given. The average values are indicated 


helow each group. 


The administration of insulin and sugar together seems to delay the gly- 
cogen reduction in triceps muscle in shock, but does not prevent it. 

Phosphorus—-Fasted rats were clamped as described above. On removal 
of the clamps, 2 ec. of 25 per cent glucose were given by stomach tube and 
at the same time radioactive phosphorus (P*), as the disodium salt, was 
injected subcutaneously. ‘Those animals receiving insulin were also in- 
jected at this time with 4 units, subcutaneously. 

A period of 2) hours was allowed to elapse after the injections were made, 
in both the shocked and control groups, before tissue sampling began. In 
the clamped control group, the clamps were left in place during the tissue 
sampling. The rats were anesthetized with sodium amytal before the 
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samples were taken. The phosphate fractions and isotopic content of the 
tissue samples were determined as described previously. 

The levels for the phosphorus fractions and the P® values in the contro! 
animals, animals with the clamps left in position, and shocked animals are 
given in Fig. 2 for hind leg muscle and in Fig. 3 for fore leg muscle. It 


INORGANIC P-Mq% 


| 
7469 859 560 496 4% 38363 BS 1267 


_ 


| 
438 66 48 56 0 94 415 90 


hic. 2. Inorganic phosphorus (IP), phosphocreatine (PC), adenosine triphosphate 
(ATP), total acid-soluble phosphorus (TA-SP), and P** values for hind leg muscle in 
non-clamped control rats (C.), rats with clamps left in place (Cl.), and rats in which 
shock developed following removal of the clamps (S.). The average values are indi 
eated below each group. The phosphate values are expressed as mg. of inorganic 
phosphorus per 100 gm. of wet tissue recovered from the fraction. The P® values 
represent the specifie activity of the radioactive phosphorus present in the tnorgani« 
phosphorus reeovered from each fraction, calculated on the basis of eounts per min 
ute per ing. of P recovered per million counts injected per kilo of body weight) The 
circles on the base-line indicate amounts not measurable. 


would appear trom Fig. 2 that the PC and ATP values became low in the 
hind limb as a result of the clamping procedure and remained low after the 
clamps were removed. ‘The inorganic phosphorus of the hind leg muscle 
was elevated as a result of the clamping. When the clamps were removed, 
the values were reduced from these high concentrations but were still above 
the control levels. It also seems evident that the P® values for these tissues 
were greatly reduced in all fractions as « result of the clamping and that 
there frequently was some increase over the low values aiter the clamps 


10 | 
| 
| 
| 
| 
| 
| | 


GORANSON, HAMILTON, AND HAIST 5 


were removed. ‘lhe changes in phosphorus of fore leg muscle (lig. 3) were 
not marked, though there is a suggestion that when the clamps are in place 
the PC values, both as regards the actual level and the P® content, are 
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| | | 
588 697 125 250177 305297 440 SOT 


Fic. 3. Phosphate and P**? values for the fore leg muscles of the same group of rats 
shown in Fig. 2. | 


TABLE | 
Phosphate Values of Blood and Liver in Shocked and Clamped Rats 


| Shocked, 6 animals Clamped controls, | Unclamped con- 


7 animals trols, 6 animals 
pe Specific p |Specific! Specific 
activityt | activity | | activity 
Blood Inorganic P 11.33 | 4852 | 4.91 | 6481 | 4.98 | 
Liver 23.28 | 2609 | 15.96 | 3362 | 18.66! 2731 


Total acid-soluble P 92.2 2095 88.5 2144 85.3 194] 


* Inorganic phosphorus expressed as mg. per 100 gm. of wet tissue. 
t Specific activity of the P® estimated as counts per minute per mg. of P recovered 
per million counts injected per kilo of body weight. 


elevated. Clamping also appears to elevate the P™ content of the morganic 
phosphorus of fore leg muscle. 
The inorganic phosphorus of the blood and liver and the total acid-soluble 
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phosphorus of the liver, together with the respective P* values, are shown 
in Table I. The blood inorganic phosphorus values were not altered by 
the clamping procedure. In the shocked animals, however, the inorganic 
phosphorus of blood was greatly increased, though a smaller than normal 
proportion of this phosphorus was in the radioactive form. The total acid- 
soluble phosphorus and P* values in the liver were of the same order of 
magnitude in the shocked, clamped, and control animals. 


PHOSPHOCREAT INE ADENOSINE TRIPHOSPHATE 
x controlcontrol shock shock | control control shock shock 
insulin iNSuUliN INSUIIN 
= 60 
a | 
| | | | | | 
E | | | 
548379 515286 500289 393%65 | 359E71 3469265 343274 25567 
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218863 30873 36880 188228 234%49 257243 


hia.4. The effect of insulin on ATP, PC, and P® in shocked and control rats. The 
insulin and P32? were given simultaneously by subcutaneous injection 1 hour before 
the tissue sample was taken and, in the case of the shoeked rats, | hour after removal 
of the clamps. Average values followed by the standard deviations are indicated 
helow each group of individual values 


The effect of insulin on the PC and ATP of non-traumsatized fore leg 
muscle of the shocked rats, and of the corresponding muscles in ‘inclimped 
control rats, is shown in Fig. 4. Included in Fig. 4 also are the P® values 
for these fractions. There was an increase in the P® values of the PC and 
ATP fractions when insulin was given to control animals, but this was not 
so prominent in the shocked rats. 


DISCUSSION 


The studies concerning muscle glycogen showed that, in rats shocked by 
au clamping technique, insulin administration did not prevent reduction in 
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the glycogen concentration in the non-clamped muscle or the fall in liver 
glycogen, though it did cause a marked reduction in the blood sugar level 
in these animals. Since glycogen storage could not be entirely responsible 
for this reduction in blood sugar, a stimulation of glucose removal had to 
be considered. ‘The results on the incorporation of P®* in ATP and PC 
after administration of insulin suggested that a part at least of the fall in 
blood sugar level resulted from an increased breakdown of carbohydrate. 

The data show too that the damaged muscles of the clamped hind limbs 
of the shocked rats contained little or no PC or ATP, as was reported pre- 
viously by Bollman and Flock (7), but that the uninjured fore limb muscles 
of these animals contained these compounds in amounts not greatly different 
from those found in the corresponding muscles of the non-clamped control 
rats. The PC of fore limb muscle in clamped animals appeared to be some- 
what increased. The P® values of ATP and PC in fore limb muscle were 
likewise not greatly altered in the shocked animals, though clamping itself 
caused some elevation of P* in the inorganic phosphate and PC fractions. 
It should be pointed out that the tissue samples were obtained at a time 
when the liver and muscle glycogen concentrations were reduced and just 
prior to the time, after removal of the clamps, when the maximum number 
of deaths was to be expected. Under these circumstances it would seem 
unlikely that a depletion of energy-rich phosphate reserves in muscle or a 
failure in the phosphorylating mechanisms could be regarded as initiating 
factors in the sequence of events culminating in shock. 

In these shocked rats there is a gradual diminution in the energy reserves 
as manifested by the steady decline in the glycogen levels in muscle and 
liver. This decline may be initiated by a poor oxygen supply to these 
tissues (8, 9). 

It has been suggested by some workers (3) that the elevation of the blood 
inorganic phosphate in shock may reflect a breakdown of high energy phos- 
phate at some site in the body. In the present study a breakdown of high 
energy phosphate in the liver or in the uninjured muscle of the shocked rats 
did not appear to be involved in the elevation of the blood inorganic phos- 
phate. The results support the view expressed by Bollman and Flock that 
the rise in the plasma inorganie phosphate is due mainly to a diffusion of 
this material from the occluded hind limbs following removal of the clamps. 
It was observed that (a) the total acid-soluble phosphate of the traumatized 
muscles of the clamped controls was higher than that of the shocked rats, 
(b) the total acid-soluble phosphate of the liver and of the uninjured fore 
leg muscles of the shocked, clamped, and non-clamped groups of animals 
was of the same order of magnitude, and (c) the inorganic phosphate of the 
hind leg muscles of the shocked rats was appreciably lower than that of the 
clamped controls. 
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The findings obtained are consistent with the view that any change in the 
high energy compounds occurring in shock ts preceded by an inadequate 
supply of oxygen to the tissues involved. A depletion of high energy phos- 
phate would appear to be not an initiating factor precipitating the chain of 
events leading to shock, but rather the result of some other causal factor 
or factors. 

Insulin was found to promote an increased incorporation of P®* in the 
ATP and PC of resting muscle in normal fasted rats, in agreement with 
finding reported by Sacks (2). An increase in the specific activity of P® 
in ATP without an appreciable increase in the total ATP present indicates 
a more rapid utilization of ATP phosphate bond energy, as well as an in- 
creased rate of regeneration of the ester. While recent work has empha- 
sized the possible action of insulin on the “hexokinase”? system (10), many 
authors have suggested that insulin may play a catalytic role at some site 
in the carbohydrate cycle other than at the point of entry of glucose. If 
insulin exerts an accelerating etiect on the regeneration of ATP, it may con- 
ceivably act at one or more of several levels in the degradation of carbo- 
hydrate. 

When insulin was administered to the shocked rats, its effect on the P® 
values of ATP and PC of the non-traumatized muscles was less evident. 
One possible explanation is that the muscle receives Jess insulin when its 
blood supply is reduced. A second possibility is that, in the presence of a 
reduced oxygen supply, when muscle metabolism is more anaerobic, the 
influence of insulin is diminished. The findings zn vitro of Krebs and Eggle- 
ston (11), Rice and Evans (12), Shorr and Barker (13), Stadie et al. (14), 
and Stare and Baumann (15) suggest that insulin exerts a catalytic effect 
on the oxidation of certain constituents in the tricarboxylic acid cycle. The 
oxidation of a number of dicarboxylic acids has been shown to be coupled 
with the esterification of inorganic phosphate (16, 17). Under aerobic con- 
ditions, then, there is suggestive evidence that insulin may directly catalyze 
oxidative phosphorylations and thereby indirectly effect an increased phos- 
phorylation of glucose. 


SUMMARY 


1. In the uninjured muscle of rats shocked by a clamping technique there 
was a decrease in glycogen concentration which was not prevented by insu- 
lin. The glycogen content of the damaged (anoxic) muscle was very low. 

2. The phosphocreatine (PC) and adenosine triphosphate (ATP) content 
of the damaged muscle fell as a result of the clamping procedure and re- 
mained low after the clamps were removed. Inorganic phosphorus was 
elevated in the damaged muscle and the P® values were reduced in all phos- 
phorus fractions. After removal of the clamps the inorganic phosphorus 
level decreased somewhat but was still above normal. The P® values, 
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while still low, were frequently slightly increased above the concentration 
found in the clamped animals. 

3. The PC and ATP content of the undamaged muscle of the shocked 
animals did not differ from that of the non-clamped controls but the PC 
values were less than those of the clamped animals. The P® values for PC, 
ATP, and inorganic phosphorus appeared to be elevated by the clamping 
procedure. 

t. Insulin was found to promote an increased incorporation of P® in PC 
and ATP in normal fasted controls, confirming Sacks’ report (2). This 
effect of insulin was less evident in the non-traumatized muscle of the 
shocked rats. 

5. A marked elevation in the blood inorganic phosphate in the shocked 
rats was associated with « reduction in the inorganic phosphate of the dam- 
aged muscles following removal of the clamps. 

6. It is concluded that the reduction in the blood sugar level, produced 
by insulin in shocked rats given glucose, is due in part at least to an in- 
creased breakdown of carbohydrate. It is concluded too that the depletion 
of high energy phosphorus is not an initiating factor in shock. The possible 
involvement of insulin in oxidative phosphorylations is discussed. 


It is a pleasure to thank Professor ©. H. Best for his interest and encour- 
agement in this work. We wish also to acknowledge that a part of this 
study was supported by a grant from the National Research Council of 
Canada. 


BIBLIOGRAPHY 


1. Haist, R. k., and Hamilton, J. I., J. Physiol., 102, 471 (1944). 

2. Sacks, J., Am. J. Physiol., 143, 157 (1945). , 

3. MeShan, W. H., Potter, V. R., Goldman, A., Shipley, I. G., and Mever, R. K., 
im. J. Physiol., 146, 93 (1945). 

! (rood, C. A., Kramer, H., and Somogyi, M., J. Biol. Chem., 100, 485 (1933). 

5. Fiske, C. HL., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

6. Furehgott, R. E., and Shorr, I., /. Biol. Chem., 161, 65 (1943). 

7. Bollman, J. L., and Flock, E. V., Am. J. Physiol., 142, 290 (1944). 

S. Frank, IH. A.. and Fine, J., J. Clin. Invest., 22, 305 (1943). 

Cutman, Kroll, If. Olson, Levinson, 8. O., and Necheles, N., War 
Med.,.1, 824 (1941) 

id. Colowiek, S. P., Cori, G. T., and Slein, M.W., J. Biol. Chem., 168, 583 (1947). 

ll. WKrebs, H. A., and Eggleston, L. V., Biochem. J/., 32, 913 (1938). 

Riee, L.. and Evans, A., Jr., Science, 97, 470 (1943). 

i’. Shorr, E., and Barker, 8S. B., Biochem. J., 33, 1708S (1939) 

lt. Stadie, W C., Zapp, J. A., Jr., and Lukens, F. D. W., J. Biol. Chem., 132, 411 
(1940 

lS. Stare, and Baumann, C. A., J. Biol. Chem., 133, 453 (1940 

16. Ochoa, S.. J. Biol. Chem., 149, 577 (1943); 188, 751 (1941) 

17. Potter. Vo R.. J. Rial. Chem., 169, 17 (1947). 


OEE 


} 
& 
‘ 


ON THE MECHANISM OF ENZYME INHIBITION BY 
SULFHYDRYL REAGENTS* 
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of Minnesota, St. Paul) 


. (Received for publication, December 22, 1947) 


In recent years a great deal of evidence has accumulated to show that 
intact — SII groups are necessary for the full activity of a variety of en- 
zymes. The exact function of the thiol group in the protein part of these 
“sulfhydryl enzymes,” however, remains obscure. It has been suggested 
that the —SH group directly participates in the activity of these enzymes, 
and that it might be actuall¥ located at the ‘active center’? where com- 
bination of the enzyme and substrate takes place (1). This view is sup- 
ported mainly by experiments on the protection of enzymes from the action 
of —SH inhibitors (reagents capable of selectively inhibiting --SH enzymes) 
by their substrate, prosthetic group, or analogue of the substrate (2). 

If the sole function of the sulfhydryl group in these enzymes was to pro- 
vide a locus for the combination of the substrate with the enzyme protein, 
then the inhibition of a sulfhydryl enzyme by a specific — SH reagent 
should be the same, regardless of the substrate used for assay, provided 
that the enzyme is the limiting factor in the activity determination. To 
the author’s knowledge there are no data in the literature on this question. 
This paper is an account of some experiments on wheat germ lipase and 
p-aumino acid oxidase designed to test this point. 


EXPERIMENTAL 


Methods—-Pig kidney pb-amino acid oxidase was prepared essentially by 
the method of Krebs (3). The resulting acetone powder was extracted 
with 10 volumes of water at 3°, centrifuged, and the supernatant solution 
was lyophilized. The dried preparation was dissolved in water to give a 
eoncentration of 3 mg. per ml. immediately before use. 

The lipase used in this work was prepared as follows. Unprocessed, 
whole wheat germ was throughly defatted with petroleum ether, dried, and 
ground in a Wiley mill. The stable dry powder was extracted with 10 


* A preliminary report of this work has been presented (Federation Proc., 6, 291 
(1947)). 
Paper No. 2822. Scientific Journal Series, Minnesota Agricultural Experiment 
Station, St. Paul 
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volumes of ice-cold water for 15 minutes, centrifuged, and the supernatant 
solution was adjusted to pH 5.5 with 0.5 N acetie acid. ‘The resulting sus- 
pension was centrifuged for 10 minutes at 3000 r.p.mM., and the clear super- 
natant fluid was readjusted to pH 6.6 with 0.6 N NaHCQs;. After addition 
of saturated (NH,).SO, to 35 per cent saturation, the suspension was centri- 
fuged, and the supernatant solution treated with more (NII, ).50, solution 
until 55 per cent saturation was reached. The precipitate appearing at 
this point was separated and preserved in the lyophilized state. Before 
use, it was dissolved in 0.02 mM phosphate buffer, pH 6.8, dialyzed against 
distilled water for 2 hours, and finally subjected to 15 minutes centrifugation 
at 5000 r.p.m. All these operations were carried out at 3°. 

Both enzymes were assayed manometrically: p-amino acid oxidase by 
(), uptake and wheat germ lipase by CQ» evolution from a NalIlCOs-HL.CO, 
buffer as a result of acid production. Details of the assay of this hpase 
have been described elsewhere (4). 

Wheat Germ Lipase -\n order to test the effect of the nature ot the sub 
strate on the inhibition brought about by sulfhydryl reagents. two cond) 
tions should be met. Kirst, the enzyine should POssess i broad enough 
specificity to permit the use of « series of substrates of varying structur 
and molecular dimensions. Second, the enzyme should satisiv all of the 
usual criteria applied in the detection of sulfhydryl enzymes. 

In the course of experiments on the kinetics of wheat germ lipase in this 
laboratory, the inhibition brought about by a variety of | SH reagents wa- 
found to depend on the substrate used for assay. Since the enzyme seemed 
to satisfy both of the criteria mentioned above, it was decided to study it~ 
behavior toward --SH reagents in greater detail, in preference to other 
better known enzymes. 

The enzyme acts on a wide variety of simple esters, mono. and trighy 
cerides, and on the Tween compounds (water-soluble polyoxvaltky len 
sorbitan esters of long chain fatty acids; Atlas Powder Company). A) 
though the enzyme has been obtained only in partially purified state to date. 
three different lines of evidence indicate that the same enzyme is involved 
in the activation of all of these substrates. The experimental data on thi- 
point as well as on the necessity of intact SH) groups in the enzvme to: 
full activity have been described elsewhere (4) and will only be briefly 
summarized here. 

With excess mono-n-butyrin or triacetin as substrate, the biguly selective 

reagent, p-chloromercuribenzoate, completely and instantaneous! 
abolished the activity of the enzyme. As would be expected, the concen 
tration of mercurial required tor this depended on the stage of purity of the 


enzyme preparation and on the amount of protem present, | 10 
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1 x 10 ‘Mm concentration effected complete inhibition. The amount of 
inhibitor needed for complete inactivation was thus low enough to compare 
favorably with established —SH enzymes, such as succinoxidase. Tri- 
valent organic arsenicals, which have also been successfully used in testing 
for a large series of —-SHL enzymes (5, 6) produced instantaneous and com- 
plete inhibition at similar concentrations. ‘The arsenicals and the mer- 
curial inhibited the purified enzyme to the extent of 25 per cent or more 
even at | & 10®™m concentration. The inhibition brought about by these 
mereaptide-forming agents was significantly reversed by addition of 10 
equivalents of glutathione 20 minutes after the inhibition. o0-Iodosoben- 
zoate (1 & 10°° m) and ferricyanide (2 K 10°* m) strongly inhibited the 
enzyme, the former of the two being more effective. The lipase proved 
considerably less sensitive to the action of iodoacetamide, which produced 
only 55 per cent inhibition at 5 & 10-4 mM concentration. The relative 
ineffectiveness of iodoacetamide as an —SH inhibitor has often been 
pointed out in the literature; established —SH enzymes, such as malic 
dehydrogenase, muscle adenosinetriphosphatase, and rat and pig kidney 
b-umino acid oxidase, are inert toward this reagent. 

Qin the basis of this evidence it seems justified to conclude that wheat. 
germ lipase requires intact thiol groups for full enzymatic activity. In this 
respect it may be contrasted with pancreatic lipase, in which the evidence 
for active sulfhydryl groups is rather weak, and the simple esterases of 
serum and liver, which do not require --SH groups for activity at all (6). 

Effect of Substrates on Inhibition by —-SH Reagents—While « sufficiently 
high concentration of p-chloromercuribenzoate (3 x 10~* mM) inhibited the 
enzyme completely, for purposes of comparison an amount of the inhibitor 
was chosen which would produce only partial inhibition on all the substrates 
tested. Thus the concentration of the mercurial in the experiment de- 
scribed in Table IT was 1 &* 10>‘ m. Under these conditions the extent of 
inhibition secmed to vary with the molecular size of the substrate. The 
longer the fatty acid residue or the alcohol, the more extensive was the inhi- 
bition. Similarly, the more esterified alcoholic hydroxyl groups in the fat 
molecule, the wrenter was the observed inhibition. Thus, for example, with 
tributvrin the inhibition was greatest, with tripropionin less, and with tri- 
acetin, the shortest chain fatty acid, it was least. With monobutyrin as 
substrate the inhibition was more extensive than with monopropionin, but 
less than with tributvrin. In the simple ester series this rule held equally 
well. From ethyl acetate to butyl acetate the inhibition increased pro- 
eressively, while in another series, with methyl acetate as substrate the 
inhibition was even smaller than with ethyl acetate. With ethylene glycol 
diacetate, which has a 2-carbon alcohol and 2-carbon fatty acid groups, the 
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inhibition by the mercurial was the same as with ethyl acetate. The most 
extensive inhibition occurred with Tween 20, a water-soluble lauric acid 
ester having the greatest molecular dimensions in this series. 

It will be noted that the concentrations of substrate varied rather widely 
in this experiment, the reason for this being the differences in the Michaelis 
constants of this lipase with respect to these substrates (4). In each case 


Effect of Substrate Size on Inhibition of Lipase Activity by p-Chloromercuribenzoate 


Activity, c.mm. CO, 


Enzyme 
prepara Substrate Inhibition 
on Control With inhibitor 
per cent 
Tributyrin,* 0.02 m 51.8 10.0 S] 
Tripropionin,* 0.04 122.0 38.6 GS 
Triacetin*, 0.25 $35.9 57 
Monobutyrin, 0.112 58.9 
Monopropionin, 0.25 S1.6 60.7 26 
Ethyl acetate, 0.45 73.5 61.5 16 
n-Propyl acetate, 0.20 SI.S 53.0 35 
n-Butyl acetate, 0.10 73.6 31.2 5S 
B = Methy! acetate, 0.50 m 93.3 67.5 28 
Ethyl 0.45 62.6 33.9 46 
Glyeol diacetate, 0.30 178.0 95.0) 
0.25 313.0 104.2 67 
| Tween 20, 5% 50.3 8.5 S4 


Manometric measurements of acid production in bicarbonate butfer. Each War- 
burg vessel contained 0.6 ml. of purified wheat germ lipase containing 10 mg. of pro- 
tein in Preparation A and 8.7 mg. of protein in Preparation B; p-chloromereuriben- 
zoate, 0.0001 mM; NaHCOs, 0.025 mM; pI] 7.4; total volume, 3 ml.; gas phase, 05 per cent 
N2-5 per cent CO:,. Duration of experiments, 30 minutes; temperature, 38°. All 
blanks subtracted. The inhibitor was added to the enzyme 15 minutes prior to the 


substrate. 
* Contained 0.2 per cent gelatin; this amount of gelatin did not influenee the 


inhibition. 


the concentration of substrate was so chosen as just to saturate the enzyme 
and thereby give optimal activity. This was to assure that the enzyme 
was the limiting factor in all the experiments. 

Under Preparations A and B of Table I the inhibition with any given sub- 
strate differed somewhat because of differences in enzyme concentration. 
Since the inhibition did not increase linearly with a decrease in enzyme 
concentration, a small change in the latter brought about « greater change 
in the per cent inhibition. 

The same type of systematic variation of the inhibition was observed 


4 
i 
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when p-aminophenylarsine oxide, another highly specific —-SH_ inhibitor, 
was used as the enzyme poison, as seen in Table II. The experimental 
conditions were the same as in the previous experiment with the mercurial, 
except that the lipase used in this experiment was a more highly purified 
preparation. It is apparent that again a gradually increasing inhibition 
was obtained with increasing molecular dimensions of the substrate in the 
simple ester series and in the mono- and triglveeride series. Inspection of 


I] 


efieet of Substrate Size and Concentration on Inhibition of Lipase by 
p-Aminophenylarsine Oxide (2.7 mM) 


Activity, c.mm. CO: per 30 min. 


Substrate Inhibition 
Control | With As 

per cent 
Methyl acetate, 0.5 241.4 224.8 7 
Ethyl 161.0 136. | 
Propyl 118.7 26 
Butyl 156.4 97.6 3S 
Monopropionin, 0.25 151.6 116.2 23 
175.2 130.6 25 
Mionobutyrin, 126.2 74.2 4] 
0.25 152.9 S66 43 
Triacetin, 0.25 656.3 HBS 14 
Tripropionin, 0.02 194.7 120.9 3s 
Tributyrin, 0.02 78.0 29.8 
(ilveol diacetate, 0.25 483.1 425.1 12 
199.0 428.8 14 


experimental conditions as in Table [, except that 5.7 mg. of a more highly purt- 
fied enzyme preparation were used in each experiment. 


Table I] also reveals that the reason for the different inhibitions cannot 
be in the differences in substrate concentration, for the concentration of 
substrate did not affect the extent of inhibition as seen in the case of mono- 
propionin, monobutyrin, and glycol diacetate. Also with methyl acetate, 
ethyl] acetate, and monopropionin, all present at the same concentration, 
quite different inhibitions were observed. Again, with 0.25 m glvcol diace- 
tate, monopropionin, and monobutyrin, the inhibitions differed widely. 
Although displacement of the inhibitor by the substrate at higher con- 
centrations of substrate was quite unlikely as an explanation for the varied 
inhibitions observed, a direct test of this point was made in the experiment 
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reported in Table III. In this experiment o-iodosobenzoate, a mild oxi- 
dizing agent, was used as an inhibitor in place of the mercaptide-forming 
inhibitors in which dissociation of the enzyme-inhibitor complex is appre- 
ciable. With this compound, however, oxidation of the —-SH[ groups to 
disulfide linkage oecurs (7), which bond could be broken only by powertul 
reducing agents. As is seen in Table IIT, when o-iodosobenzoate was the 
inhibitor the same systematic correlation was found between the nature of 
the substrate and the extent of the inhibition as when the mere niptide 
forming reagents were used. Since none of the substrates used is exapalle 
of reducing an —-SS— linkage to the thiol stage, these experiments shiow 
that displacement of the substrate cannot account for the results under di 


CUSSION. 


Ill 
Inhibition of Wheat Lipase hy wo lada 


Activity, ¢.mm. COs per 30 min 
substrate 


Contro! With inhibitor 
per con 
Triacetin, 0.25 532 256 
Tripropionin, 0.02 335 10s 
Tributyrin, 0.02 m 143 30.4 Su 
Monobutyrin, 0.11 mM 85.9 22.0 


Experimental conditions as in Table [. 30 minutes ineubation with onhibito: 
before addition of substrate. 


Similar results were obtained when other —-SH inhibitors (ferrievanide, 
various organic arsenoxides) were used. 

p-Amino Acid Oxidase—The broad specificity of this enzyme is well 
known. ‘The essential nature of its —SH groups for full activity has been 
adequately established, at least for preparations from rat and sheep kidney- 
(6, 8). The experiments here reported were performed with the enzyme 
isolated from pig kidneys, but an acetone powder of rat kidney gave en 
tirely similar results. 

Low concentrations of all mercaptide-forming — SIl reagents tested inhi! 
ited the enzyme completely and instantaneously. 10 equivalents of glut. 
thione produced complete reversal of the inhibition. A concentration ot 
inhibitor was again selected which would produce partial inhibition only, 
thus permitting accurate comparison of various substrates. [In the expen 
ments recorded in Table IV, 2.2 K 10°° mM p-aminophenylarsine oxide wa- 
used for this purpose. The extent of inhibition was again independent of 
the concentration of the substrate, even when the latter was varied 4- to 
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7-fold, provided that the enzyme was nearly saturated with respect to sub- 
strate (Table IV, first and last sections). This again rules out displace- 
ment of the inhibitor by the substrate as an explanation of the findings on 
lipase. 

With p-amino acid oxidase the inhibition was also independent of the 
nature of the substrate, that is, of the molecular dimensions of the amino 


TABLE IV 
kethecl of Substrate Size and Concentration on Inhibition of b-Amino Acid Oxidase by 
22> 10° p-Aminophenylarsine Oxide 


Activity, c.mm. 
uptake per 30 min. 


nzyme Substrate Inhibition 
Control With As 

per cent 
0.03 M 147.4 52.8 
11.3 0.05 ** 164.4 06.0 ti) 
0.05 “ obL-alanine IS4.2 S3.S 
10.2 0.05 pL-methionime 210.0 a3 
0.05 * pL-phenyvlalaniue 115.1 ol 
0.05 pi-isoleucine 162.7 (1.3 56 
0.05 pi-norvaline 49.6 20.) a7 
0.05 M pi-alanine 164.5 OS 
0.05 ovaline 116.0 39.7 Ot 
2 133.5 tH. 2 
M pL-isoleucine 170.9, 66.7 
9.7 10M pi-omethionine 240.0 5S 


\innometric measurements of O, uptake in 0.02 Mm pyrophosphate buffer, pH 8.3. 
lnbibitor added 20 minutes prior to substrate. Temperature, 38°; duration of ex 
7 riments, 30 minutes; gas phase, air; total volume, 3.0 ml. The enzyme was a 
high specd centrifuged, Ivophilized water extract of an acetone powder of pig 


acid used for activity determination. The same inhibition was produced by 
‘he arsenical on alanine, a-aminobutyric acid, norvaline, valine, isoleucine, 
methionine, and phenylalanine, although this series represents a consider- 
able variation in molecular dimensions. 

Fable Vo shows that the oxidizing agent o-iodosobenzoate inhibits the 
enzyme to the same extent whether alanine, methionine, or phenylalanine 
~used as substrate, in agreement with the results obtained with the arseni- 


) 


1s 


When the enzyme was tested on five amino acids with 4.4 & 10°° Mm p- 


INHIBITION BY 


SULFHYDRYL 


REAGENTS 


chloromercuribenzoate as the inhibitor, again essentially the same inhibi- t] 
tion was observed in all cases. This is shown in the first part of Table VI. i 
It will be noted that all the amino acids were present at 0.05 mM concentra- 7 
\ 
Inhitition of Amino Acid Oxidase by 1.33 10° lodosobenzoate As Assayed 
on Various Substrates 
Activity, c.mm. uptake 
Substrate Inhibition ( 
Control With inhibitor ‘ 
per ceni 
pi-Methitonine, 0.05 545 { 
bi-Phenyvlalanine, 0.05 111.4 22.4 7 
experimental conditions as in Table IV. Amount of enzyme, 9.7 mg. per vessel. 


Inhibition of Amino Acid Oxidase hy p-Chlorom rcuribenzoate $-4 


Enzyme 


11.3 
11.3 
11.3 
11.3 


10.0 
10.0 


11.3 
11.3 
11.3 
11.3 


0.05 
0.2 

0.05 
0.05 


TABLE VI 


Tested on Various Substrates 


Substrate 


M DL-alanine 

pu-valine 

pL-methionime 

pi-phenylalanine 
pL-isoleucine 


Me pL-methionine 
O.116° 


Mo opL-alanine 


15 Mi alanine 


+ Q.15 


glycine 


experimental conditions as in Table IV. 


tion. 


Activity, c.mm, ©) 


uptake 
With 
Control inhibitor 
163.7 99.2 
115.6 37.0 
210.9 
114.7 15.4 
161.5 
156.7 17.0 
179.5 37.5 
1645 54.1 
164.5 
147.5 


Inhibition 


per cent 


ls 


With isoleucine the inhibition was slightly less in this particular ex- 


periment, but this probably represents an experimental error. 
The experiments reported in the second and third sections of Table VI 
were designed to demonstrate further that inhibition is independent of sub- 


me. 

0.05 hs 

OD 

() G5 

67 

éé 
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strate concentration. When the concentration of methionine was more 
than doubled or the amount of e-alanine increased 4-fold, the inhibition de- 
creased only 10 to 20 per cent. It will be remembered that with the arsen- 
icals as inhibitors even this small effect did not occur. The apparent 
explanation of this slight discrepancy is that the mercurial, unlike the arsen- 
oxide, is capable of combining with the carboxyl groups of amino acids 
when the latter are present in very large concentration. However, the 
affinity of p-chloromercuribenzoate for the —SH groups of b-amino acid 
oxidase is many thousand times greater than for the —-COOH group of the 
amino acid, 

fn order to show that the small but consistent decrease in the inhibition 
brought about by delaved addition of excess amino acids could be aseribed 
ton non-specific combination withthe —COOH group rather than dissocia- 
tion of the mercaptide by a specific substrate, the following experiment was 
performed. “Two carboxylic acids were selected with the same pK value 
as a-ulanine which, however, are not attacked by the enzyme. Glycine and 
G-alanine were used for this purpose. In the last seetion of Table VI it is 
seen that when these amino acids were used to provide the high —COOH 
concentration essentially the same type of small decrease in inhibition was 
observed as with excess a-alanine. 

Thus it seems justified to conclude that the inhibition of p-amino acid 
oxidase by both arsenicals and mercurials is independent of the concentra- 
tion of substrate and that displacement of the mhibitor by the specific sub- 
strate does not occur to a significant extent. 


DISCUSSION 


An interpretation of the experimental observations on the inhibition of 
Wheat germ lipase reported in this paper will now be attempted. It is 
clear that the different inhibitions found when esters of varying structure 
were used as substrates are valid only if the enzyme was the limiting factor 
in all instances. Considerable effort was made to test this point. Vary- 
ing the substrate concentration, as noted above, or the pH of the assay, in 
no wav affected the differential inhibition observed. All evidence pointed 
to the faet that the enzyme protein was actually the limiting factor in all 
these experiments. 

The possibility of some reversal of the inhibition by substrates has al- 
ready been referred to in the experimental part. This point was especially 
carefully tested in view of the known fact that with enzymes like succin- 
oxidase the substrate may protect the enzyme from various —-SH inhibitors. 
That displacement of the inhibitor by the substrate occurred to no measur- 
able extent is evident from Table IT and this 1s, of course, eliminated by 
experiments with oxidizing agents, such as are reported in Table ITI. 
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Furthermore, it should be pointed out that the dissociation constants of the 
lipase for most of these substrates have been experimentally determined 
(4) and no positive correlation was found with the extent of inhibition pro- 
duced by any —-SH reagent when these esters were used as substrates. As 
i matter of fact, in most instances, there was a negative correlation. The 
smaller the dissociation constant of the enzyme for the substrate, the more 
tightly it binds that substrate, and hence the more easily the latter should 
relieve an inhibition if displacement does occur. Actually, the substrates 
with the smallest dissociation constant (tributyrin, tripropionin) were the 
very ones which allowed the greatest inhibition by — SH reagents. 

The data on p-amino acid oxidase are compatible with the idea that the 

SH groups of that enzyme may be directly involved in the activation of 
its substrates. On the other hand, the demonstration that the effect of any 

—SH reagent on wheat germ lipase depends on the particular substrate used 

for assay, and further that complete inhibition toward one substrate can be 
demonstrated with little effect toward other substrates at the same con- 
centration of inhibitor indicates that the ~- SH groups of this lipase are not 
directly involved in its activity. 

The apparent correlation found between the molecular dimensions of the 
substrate and the inhibition of the lipase suggests further possibilities. — It 
seems entirely possible that not only one or two functional groups located at 
the active center but that also the configuration and arrangement of the 
amino acids at some distance from the active center might determine the 
catalytic activity of enzymes. Thus if the —-SH groups of wheat germ 
lipase were located in the vicinity of, or at some distance from, the active 
center, Without being directly involved in the activation of the substrate, it 
is conceivable that formation of complexes or oxidation of these —-SH 
groups, as in the foregoing experiments, might sterzca/ly interfere more with 
the approach of the larger substrate molecules to the active surface than 
with that of smaller ones. This might then account for the influence of the 
molecular dimensions of the substrate on the inhibition observed. 

It would be interesting to extend these findings to other —-SH enzymes. 
There are, unfortunately, few enzymes known that would satisfy both of the 
criteria listed in the experimental part. Possibly crystallme papain, an 
established SH enzyme, might be used for this purpose, provided that an 
adequate number of synthetic substrates are available. | It would also seem 
desirable to examine “‘essential’? amino or phenolic groups with the same 
view in mind. | 

A further corollary of these findings seems to be that it is no longer quite 
safe to conclude that two or more enzymes with similar functions are present 
in a preparation on the basis of different inhibitions obtained with two or 
more substrates for assay. 
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SUMMARY 


|. The extent of inhibition of wheat germ lipase by sulfhydryl reagents 
(arsenicals, p-chloromercuribenzoate, oxidizing agents) varies with the par- 
ticular substrate used for assay. 

2. The variation seems to be well correlated with the molecular dimen- 
sions of the substrate. ‘The larger the substrate molecule, the greater the 
inhibition produced by any reagent. 

3. Reversal of the inhibition by higher substrate concentrations has been 
eliminated as a possible explanation of these observations. 

4. The data have been interpreted as suggesting a possible steric inter- 
ference with the approach of substrates to the active surface of the lipase 
by SH reagents. 

5. The inhibition of p-amino acid oxidase by ~ SH reagents is inde- 
pendent of the nature of the substrate used for assay, in agreement with the 
idea that the —-SH groups of this enzyme might be directly involved in the 
activation of substrates. 
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THE IMMUNOCHEMISTRY OF TOXINS AND TOXOIDS 


V. THE SOLUBILITY OF STAPHYLOCOCCAL TOXIN IN METHANOL- 
WATER MIXTURES UNDER CONTROLLED CONDITIONS OF 
PH, IONIC STRENGTH, AND TEMPERATURE* 


By RUTH G. WITTLER anpo LOUIS PILLEMER 


(From the Institute of Pathology, Western Reserve University, Cleveland) 
(Received for publication, January, 17, 1948) 


The success encountered in the purification of tetanal toxin (1) and toxoid 
(2, 3), of diphtherial toxoid (4), and of soluble pertussal antigens (5) war- 
ranted attempts to purify other toxins and toxoids by the multiphase sys- 
tem of protein fractionation. The system employs the precise adjustment 
of methanol concentration, pH, ionic strength, and protein concentration 
under rigidly controlled conditions of temperature in order to separate or 
isolate proteins. 

Previous attempts to purify and concentrate staphylococcal toxin have 
met with varying degrees of success. Holt (6) employed ammonium sulfate 
to concentrate staphylococcal toxin. Burnet and Freeman (7) precipitated 
the toxin with acetic acid, while Boivin and Izard (8) used trichloroacetic 
acid. It is the object of the present communication to report studies on 
the solubility of staphylococcal toxin in methanol-water mixtures. Sub- 
sequent publications will deal with the actual isolation and characterization 
of the toxin. 

Materials 

Staphylococcus aureus, strain Wood No. 46, was grown in a liquid medium 
containing inorganic salts of sodium, potassium, calcium, and magnesium, 
ammonium lactate, and proteose-peptone. Cultures were incubated for 
24 to 48 hours, during which time they were aerated with a gas mixture of 
20 per cent carbon dioxide and 8O per cent oxygen. The cell-free filtrates 
of the cultures contained the @-toxin/! 

White, Swiss, female mice® weighing about 20 gm. each were used for 
determination of minimal lethal dose of the toxin. 

All reagents were either c.p. or the best grade obtainable. Dilutions of 
toxin for m.1.d. determinations were made in 1 per cent Witte’s peptone in 
saline. 

* Aided by a grant trom the Lederle Laboratories Division, American Cyanamid 
Company. 

' We wish to express our gratitude to Dr. H. D. Piersma and Mr. J. N. Adam, Jr., 


of Lederle Laboratories for furnishing the staphylococcal toxin used in this work. 
> Obtained from Tumblebrook Farms, Brant Lake, New York. 
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Methods 
Immunological 


Flocculation Test—The procedure tor the Lt test was essentially the same 
as that described by Pillemer (2). Antitoxin diluted to 100 units per ml. 
with M/15 phosphate buffer of pH 7.4 was added in increasing amounts to 
a series of serological test-tubes. Crude or purified toxin in 2.0 ml. amounts 
was then added to each tube and the volume brought to «a total of 2.5 ml. 
with phosphate buffer. After the contents were thoroughly mixed, the 
tubes were placed in a water bath at 50°. The tube in which the first defi- 
nite flocculation occurred was the indicator tube, and the time (in minutes) 
required for flocculation was the Kf. In certain experiments, the number 
of units of antitoxin was kept constant, and the amount of toxin was varied. 
This made comparison of various IXf values possible. 

Minimal Lethal Dose—Vhe method described by Pillemer (2) tor the 
determination of m.1.d. was followed. Mice were injected intraperitoneally 
with 1.0 ml. of varying dilutions of toxin. Mice were observed for 96 hours 
following the injection; however, death usually occurred within 24 hours 
and rarely after 48 hours. The end-point chosen was that dilution which 
killed all of the mice injected within 96 hours. 

It will be noted in Tables I to V that flocculating capacity and lethal 
activity of the toxin are not directly related. The true relationship of these 
two tests cannot be determined until the toxin has been obtained in pure 
form. However, it should be pointed out that complete recovery of Lf 
units associated with a slight loss in m.].d. units might indicate the presence 
of toxoid, which, if it were present, would retain the ability to floeculate 
but would, of course, not be detected in the m.].d. test. Since it was diffi- 
cult to obtain reproducible results in the m.I.d. test and since the Lf test, 
in contrast, was highly reproducible, the latter was relied on in this work 
for estimating yield and purity. The m.l|.d. test was used only to detect 
the presence of lethal activity after each purification procedure. The 
actual yield of m.l.d. units was not significant in determining the optimal 
conditions of fractionation so long as at least 50 per cent of the lethal activ- 
ity could be detected. The Lf value of the toxin as obtained by the floc- 
culation test compared favorably with the L, value obtained by the lethal 
test and with the Lh value obtained by the hemolytic test. The neutral 
mixture of toxin and antitoxin as determined by the Lf test did not kill 
mice or hemolyze red cells. 


Chemical 


Determination of nitrogen was made in duplicate by the micro-Kjeldah! 
method of Pregl. Tonic strength was determined by calculation after the 
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addition of all reagents to the system. Hydrogen ion concentrations were 
determined on the glass electrode. 
EXPERIMENTAL 


Precipitation of staphylococcal toxin was studied under varying condi- 
tions of pH, methanol concentration, ionic strength, protein concentration, 


TABLE | 


Precipitation of Staphylococcal Toxin Lot 80B45 under Varying Conditions of pH, 
Methanol Concentration, lonie Strength, and Protein Concentration at —6 


= 
iel 
Lf 
_ per ceni per cent me. min. per cent per cent 
40 1.0 0.176 0.5 | ] 
12 6.5 25 0.10 1.3 0.073 0.5 | 
3 6.0 1.0: 0.234 
4.6 10) 0.08 1.0 0.310 14 ov 50.0 | 100 
7 4.3 0.08: 1.0! 0.277 16 55 50.0: 5&8 94 100 
1] 4.3 25 0.10 1.3 0.135 17 2s 25.0 | 126 100 ——s«5O 
4.0 00S 1.0 0.203 16 25.0 79 QS a0) 
1.0) 1() OOS 1.0 0.221 Ld 15 50.0 6S SS 
10 4.0 25 0.10 1.3 0.100 17 28 25.0 156 LOO 50 
16 20 0.1) 1.3 17 28 50.0 210 100 100 
17 1.0 15 Q.11 1.4 0.060 17 24 38.0 284 100 70 
1s 4.0 15 0.17 0.044 15 25 50.0 3441 | -88 100 
23 4.0 15 0.11 1.4 0.03 13 20 50.0 342 S4 100 
i) 1.0 10 0.12 1.5 0.049 14 28 12.5 | 286 S2 25 
5 3.7 1.0 0. 206 15 50.0 73 SS 100 
13 3.0 7 0.19 1.6 0.047 12 1s0 5.0 255 76 «| «#210 
14 2.0 4 0.23 1.6 0.040 1.0 aie 
15 1.5 2 0.30 1.6 0.038 
Parent toxin, Lot 8O0B45 3.033 17 40 50 t) 


and temperature. Aliquots of parent staphylococcal toxin at pil 7.45 were 
cooled to O , and ice-cold acetic acid, in various concentrations and in con- 
stant volume, was added to give hydrogen ion concentrations between pH 
4.0 and 7.0. pil values from 1.5 to 3.7 were obtained by the addition of 
cold HCl. ‘The samples were cooled in a bath at —5° to the freezing point 
of the mixtures. Caleulated amounts of methanol previously chilled to 
—20° were slowly added with stirring. The mixtures were allowed to stand 
ut —5° overnight, centrifuged*® at —5°, and the precipitated material dis- 


* An International PR-1 refrigerated centrifuge was used throughout these experi- 
ments. 
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solved at O° to the original volume of the parent toxin in M/15 phosphate 
buffer of pH 7.4. Nitrogen, Lf, and m.I.d. determinations were carried out 
on the dissolved precipitates. Yields were calculated in terms of recovery 
of Lf or m.l.d. units from the parent toxin. 

Staphylococcal toxin was most satisfactorily precipitated at pH 4.0 in the 
presence of 15 per cent methanol at ionic strengths of 0.11 to 0.17 (Table 
I). Increasing the methanol concentration at this hydrogen ion concentra- 
tion resulted in precipitation of more extraneous nitrogenous constituents 
along with the toxin as indicated by the decrease in Lf per mg. of N. De- 
creasing the methanol concentration below 15 per cent resulted in incom- 
plete precipitation of toxin. Hydrogen ion concentrations as low as pH 
4.6 or as high as pH 3.7 in 40 per cent methanol also precipitated toxin in 
good yield, but the purity of these products was greatly decreased, and the 


TABLE II 


Influence of Ionte Strength on Precipitation of Staphylococcal Toxin at pH 4.0, Methanol 
Concentration of 15 Per Cent, and Temperature of —4° 


Sample No. Protein’ Nperml. Lf perm. Kf Yield of Lf 
per cent me. min. percent 
19 0.06 OLS 0.OS7 17 30 105 
20 0.10 1.2 0.059 16 32 271 92 
21 0.15 1.2 0.062 14 37 226 S3 
22 0.20 Lia 0.057 14 40 246 SS 
Parent toxin, Lot SOB45_.. 3.033 17 40) 6 


IKkf was increased. Hydrogen ion concentrations greater than pl 3.7 are 
injurious to the toxin, even at low methanol concentrations. [lydrogen 
ion concentrations less than pH 5.0 at methanol concentrations as great as 
40 per cent do not precipitate the toxin. Precipitation at pH 4.0 in 15 per 
cent methanol vields toxin that is 50 times more pure on a nitrogen basis 
than the parent toxin. | 

The effect of an increase or decrease in ionic strength at pl 4.0 and 15 
per cent methanol on the solubility of the toxin is shown in Table If. A 
greater degree of purification with a good yield was obtained when the ionic 
strength was adjusted to approximately 0.1 than when higher or lower salt 
concentrations were employed. 

Staphylococeal toxin which was precipitated at pH 4.0, methanol con- 
centration of 15 per cent, ionic strength of 0.11, and temperature of —5° 
was dissolved in 0.15 mM sodium acetate to one-twentieth of the volume of 
the parent toxin anddesignated Fraction P-I. Aliquots of Fraction P-I di- 
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luted with an equal part of ice-cold distilled water were placed at 0°, and 
various concentrations of acetic acid in constant volume were added to give 
pH values from 3.6 to 5.0. Before the addition of methanol, the samples 
were chilled to the freezing point of the mixtures in a —5° bath. These 
samples were allowed to stand at —5° overnight, while those samples which 
did not contain methanol were held at O°. ‘The precipitates were then re- 


TaBLe III 
Precipitation of Fraction P-Il from Fraction P-I* under Varying Conditions of pH, 
Methanol Concentration, lonic Strength, Protein Concentration, 
and Temperature 


= 
N, M.1.d., Yield 
| PH | | Protein) "Stare | | | 
Lf M.l.d 
per cent percent “C. me. min. 
5.5 | 40 0.04;0.13 —5 | 3.11 | 1060; 13 | 2650 | 341 | 83 
6 | 5.5 | 0.07; 0.22; O | 1.53 | 
11 |5.0 | 25 .0.05/ 0.17 | —5 | 3.41 | 1113; 12 | 2650 | 326 | 87 |100 
5 | 5.0 0 0.07 0.22 O 2.27; 636 21 | 1060 | 280 50 | 40 
4 4.6 0 0.07 0.22 O 2.46 1166 13 2650 | 474 92 100 
2 | 4.4 0 | 0.07 O 2.64; 1113 15 | 2650 | 422 | 75 |100 
10 4.3 20 0.06 0.18 -5 | 3.47 | 1325 13 | 2650 | 382 | 100 {100 
9 4.3 10 0.07 0.20) —5 | 3.20! 1272 12 | 2650 397 100 
ae SS 0 , 0.07 | 0.22 Q 2.08 | 1166. 13 | 2650; 561 | 92 /100 
3 14.1 0 |'0.07/0.22: O | 2.00] 17 | 2120 | 476 | 75 80 
4.0 10 0.20 1166 14 2650 446 92 /100 
1 4.0 0 0.07 0.25 2.16 1060 15 2650) 490 71 |100 
17 | 3.6 0 | 0.07 | 0.22; O | 1.30 | 


* All samples, except Samples l and 2, were derived from Fraction P-I which con- 
tained 0.76 mg. of N per ml., 240 Lf per ml., 316 Lf per mg. of N, 500 m.I.d. per ml., 
and had a Kf of 20 minutes. Samples 1 and 2 were derived from Fraction P-I which 
contained 0.87 mg. of N per ml., 280 Lf per ml., 322 Lf per mg. of N, 500 m.1.d. per 
ml., and had a Kf of 20 minutes. 


moved by centrifugation at either —5° or 0°, depending on the methanol 
concentration. 

The precipitates were dissolved at O° in M/15 phosphate butter of pH 7.4 
to one-tenth the volume of the parent toxin. The dissolved precipitates 
(Fraction P-IT) (Table I11) and certain supernatant fluids (S-IT) (Table 
IV) were tested for nitrogen content and Lf and m.l.d. values. Yields 
were calculated on the recovery from Fraction P-I. 

The conditions for attaining the greatest purity without appreciable loss 
of toxic or flocculating activity were pH 4.3, ionic strength of 0.07, protein 
concentration of 0.22 per cent, at 0° (Table III). In the absence of meth- 
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anol, hydrogen ion concentrations greater or less than pH 4.3 did not in- 
crease the yield of toxin and generally decreased the purity. When the pH 
was lowered to 4.0 or raised to 5.0, methanol was necessary for satisfactory 


TABLE IV 


Separation of Fraction S-I1 from Fraction P-I* at 0> in Absence of Methanol, unde 
Varying Conditions of pH, lonic Strength, and Protein Concentration 


Yield 
Lf M.1.d. 
per cent me. min. per cent per cent 
20 0.04 0.11 3.33 1165 28 2330 st) 
14 5.6 | 0.04 ; 3.01 1165 28 1165 387 4] 
5.6 0.02 0.06 4.12 1419 25 2365 344 
6 9.9 0.07 Q).22 1100 20 2260 397 Sb SO 
22 0.04 2.44 979 23 2330 393 iz 
21 5.1 0.04 V.11 2.21 583 27 1165 264 15 41 


* Fraction P-[ contained 0.76 mg. of N per ml., 240 Lf per ml., 316 Lf per mg. of 
N, 500 m.1.d. per ml., and had a Kf of 20 minutes. 


TABLE \ 


Natraction of Fraction P-I1l* at Vartous Hydrogen lon Concentrations with Phosphate 
or Acetate Buffers of 0.15 Tonic Strength 


Yield 


Sample No.} pli Kf g 
Lf M.1.d. 
me. min. per cent ber cent 
30 2.74 1400 lo 3000 oll io 100 
29 6.0 2.48 1708 15 3500) BSS LOO 
2s 5.5 1.85 1400 12 3900 756 75 100 
27 5.0 1.16 1400 10 2800) 1207 75 SU) | 


* Fraction P-I] was separated from Fraction P-I at pH 4.3, tonie strength of 0.05. 
protein concentration of 0.26 per cent, at O in the absence of methanol! 

tT Samples 380 and 20 were extracted with phosphate buffers and samples 28 and 27 
were extracted with acetate buffers at the indicated 

t} Yields were based on recovery from Fraction P-I which contained O.S7 mg. of 
N per ml., 280 Lf per ml., 322 Lf per mg. of N, 500m 1.d. per ml., and had «a Kf of 20 
minutes. 


recovery of toxin, but this also resulted in precipitation of non-specific 


nitrogenous material. In fact, the addition of methanol at any pH resulted 
in the precipitation of impurities. All efforts to maintain the toxin in a 
soluble state while precipitating the non-toxic constituents of Fraction P-] 
were less satisfactory (Table IV) than the above procedures. — Increasing 
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the ionic strength at pH 4.3 resulted in increased solubility of toxin as well 
as of non-specific nitrogenous products. 

The precipitate obtained by fractionation of Fraction P-I at pH 4.3, ionic 
strength of 0.07, protein concentration of 0.22 per cent, at 0° was desig- 
nated P-Tl. This material was extracted with buffers of various hydrogen 
ion concentrations and ionic strengths. The suspensions were stirred tor 
5 minutes and allowed to stand for LO minutes. The precipitates were then 
removed by centrifugation. extraction and centrifugation procedures were 
carried out at O | The supernatant fluids were analyzed for toxin and 
nitrogen content. Yields were based on the recovery from Fraction P-I[. 

It will be seen in ‘Pable V that extraction with acetate buffer of pH 5.0 
and iome strength of O.15 was superior to extraction with acetate buffers 
of pH 5.5 or phosphate buffers of pH 6.0 and 6.5 of iomie strength 0.15. 
Although « slight loss in vield resulted from extraction at pH 5.0, the purift- 
cation obtained outweighed the Joss. In other experiments it was found 
that butfers of ionic strengths greater or less than 0.15 were less effective 
extracting agents. 

The procedure reported above yields a toxin having over 1200 Lf per mg. 
of N and a purification faetort of 200. On the basis of the foregoing results, 
large Quantities of toxin will be processed in order that sufficient quantities 
of this material may be available for the actual isolation of the toxin. 


SUMMARY 


The solubility of staphylococcal toxin in methanol-water mixtures of 
controlled pl, iomie strength, and temperature has been determined. 
Staphylococcal toxin is precipitated from the parent filtrate at pH 4.0, 
methanol concentration of 15 per cent, iome strength of 0.11 + 0.01, and 
temperature of —5°. Reprecipitation at pH 4.3 in the absence of methanol, 
at O°, tollowed by extrnetion of the precipitate with acetate buffer of pH 
5.0 and ionic strength of O.15, vields toxin which has over 1200 Lf per mg. 
of N and retains its lethal activity. 
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INHIBITION OF HYALURONIDASE ACTION BY DERIVATIVES 
OF HESPERIDIN 


By J. M. BEILER anp GUSTAV J. MARTIN 


(From the Research Laboratories, The National Drug Company, Philadelphia) 
(Received for publication, January 19, 1948) 


In a previous communication (1) it was reported that certain vitamin P 
compounds exerted an inhibitory action on the breakdown of hyaluronic 
acid by testis hyaluronidase, as determined turbidimetrically. This action 
was manifested for the most part only when the compounds in question were 
combined with ascorbic acid, and only when their concentration was rela- 
tively high (0.1 mg. per ec.). Since the original object of the investigation 
Was its application to the field of capillary fragility, it was considered to be 
of importance to attempt an activation of the hyaluronidase-inhibiting 
properties manifested by vitamin P compounds, without destroying their 
vitamin P specificity. 

Heparin has been found to cause a marked inhibition of hyaluronidase 
activity at very low concentrations (2). This action depends on the sulfate 
groups present in the molecule, for it has been shown that when heparin is 
desulfonated it no longer functions as an inhibitor of hyaluronidase (2). 
Heparin has no vitamin P specificity, but these findings suggested that a 
potentiation of the action of vitamin P compounds in inhibiting the break- 
down of hyaluronic acid by hyaluronidase might be accomplished by the 
formation of suitable derivatives. 

Hesperidin was chosen as a representative vitamin P compound. The 
demonstrated importance of the sulfate groups in heparin suggested the 
synthesis of a sulfonated hesperidin. It has been shown that phosphate 
groups may potentiate the action of inhibitors on enzyme systems (3); 
accordingly a phosphorylated hesperidin was synthesized. Finally, hesper- 
idin was acetylated to form a representative organic derivative. 

The methods employed for the synthesis of these compounds are pre- 
sented in detail below. In each case the starting material was hesperidin 
Which had been purified by treatment with formamide. 


EXPERIMENTAL 


Acetylated Hesperidin— 35 gm. of hesperidin were suspended in 350 ce. of 
glacial acetic acid. A few ec. of concentrated HeSO, were added slowly 
with stirring. The mixture was placed on the steam bath and heated with 
oceasional stirring for about 20 minutes. At the end of this time a dark 
red solution formed. ‘This was allowed to cool to room temperature and 
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treated with 5 volumes of water. The precipitate which formed was filtered 
off after standing for several hours in the ice box and washed with water. 

A yield of 20 gm. of a dark yellow material was obtained. The substance 
was insoluble in water, and freely soluble in alcohol. It was purified by 
solution in 100 cc. of alcohol, and reprecipitation by the addition of 10 
volumes of water. <A few cc. of acetic acid were added to aid in the torma- 
tion of a precipitate. The precipitate was filtered off and washed with 
water. Yield, 11 gm.; m.p., 120°. 

Analysis showed the material to have an acetyl content of 13.2 per cent. 
The calculated acetyl content for the diacetate of hesperidin is 12.1 per 
cent; for the triacetate, 17.1 per cent. The material is thus «a mixture, 
with the diacetate predominating. 

Sulfonated Hesperidin (Na Salt}\— To 40 gm. of hesperidin were added 
100 cc. of HO, slowly and with cooling. A dark red solution formed, 
which was poured slowly and with cooling into 500 ce. of aleohol. The 
solution was neutralized with saturated NaOH, and the precipitated Nass, 
was filtered off. The precipitate was washed on the filter with slceohol and 
the washings added to the filtrate. The combined solutions were made 
alkaline with NaOH and poured into 600 ce. of alcohol. The orange 
colored precipitate which formed was filtered off, washed with alcohol, and 
dried. 

Purification was accomplished by solution in a minimum volume of water 
and reprecipitation with 5 volumes of alcohol. Yield, 27 gm. The melting 
point was indeterminate, the compound decomposing gradually over a wide 
temperature range. 

Analysis showed a sulfur content of 6.3 per cent. The caleulated con- 
tent for the monosulfonated hesperidin Na is 4.4 per cent; for the disulfon- 
ated, 7.8 per cent. The material is thus a mixture of the mono- and disul 
fonates. 

Phosphorylated Hesperidin--37 gm. of hesperidin were suspended in 400 
ec. of anhydrous pyridine. 100 ce. of POC]; were added slowly, with stir- 
ing. Heat was evolved, and « dark brown solution formed. This was al- 
lowed to cool to room temperature, and a bulky precipitate settled out, 
Water was added cautiously with cooling until there was no further reaction 
and the precipitate was dissolved. The solution was filtered to remove any 
insoluble particles and then poured into 5 volumes of alcohol. The precip- 
itute which formed was filtered off and washed with alcohol. Purification 
was accomplished by solution in a minimum volume of water and repre- 
cipitation with 56 volumes of aleohol. Yield, 338 gm. The melting poimt 
ras indeterminate, the compound decomposing gradually over a wide tem- 
perature range. 

Analysis showed « phosphorous content of 14.5 per cent. ‘The calculated 
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content for the pentaphosphate is 15.7 per cent; for the tetraphosphate, 
13.7 per cent. The material is thus a mixture of the penta- and tetra- 
phosphates of hesperidin. 

Determinations of the effect of the various compounds on hyaluronidase 
activity were made turbidimetrically by the method previously reported (1). 
The hyaluronidase used was prepared from bull testes by the method of 
Kass and Seastone (4)... Hyaluronic acid was prepared from bovine vitreous 
humor by the method of Seastone (5). 

In addition to the hesperidin derivatives, determmations were made on 
suramin (germanin, Bayer 205) and on salmine sulfate. Combinations of 
salmine sulfate and both sulfonated and phosphorylated hesperidin and 
ascorbic acid and acetylated and sulfonated hesperidin were tested. 


TABLe 


Inhthitory Effect of Vartous Compounds on Hyalurontdase Action 


Inhibition 
Substance 
1000 y per cc. 100 7 per cc. 10 y per cc. | ly per cc. 
per cent per cent per cent | per cent 
Hesperidin 
Acetylated hesperidin 20 | 
Sulfonated a 85 25 | 
Phosphorylated hesperidin SO 65 0 
Suramin 75 15 
Salmine sulfate {) (0) 
Results 


The sulfonated and phosphorylated hesperidins proved to be extremely 
potent inhibitors of hyaluronidase. Suramin was found to be even more 
effective, while salmine sulfate was without activity. ‘These results are pre- 
sented in Table I. Results previously obtained with hesperidin are in- 
eluded to provide a standard of comparison. 

Salmine sulfate, while without effect on hyaluronidase, was found com- 
pletely to neutralize the inhibition caused by both sulfonated and phos- 
phorvlated hesperidin. As may be seen from Table I, sulfonated hesperidin 
at a concentration of LOO y per cc. caused an inhibition of 85 per cent, 
phosphorylated hesperidin one of 80 per cent. When either of these sub- 
stances Was combined with salmine sulfate, however, at a concentration of 
100 4 per ce., no inhibition at all was found. 

It had previously been reported (1) that, with both at concentrations of 
1) y per ce., hesperidin caused a potentiation of 100 per cent in the inhib- 
itory action of ascorbic acid on hyalurenidase. ‘This was found to be the 
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case also with acetylated hesperidin. Because of the large inhibition caused 
by sulfonated and phosphorylated hesperidin at 100 y per cc., these could 
not be tested at this concentration in combination with ascorbic acid.  Sul- 
fonated hesperidin was tested at 10 y per cc. with ascorbic acid. At this 
concentration no potentiation of the inhibitory effect of the ascorbic acid 
was found. 


DISCUSSION 


The results obtained show that the formation of derivatives of hesperidin 
can result in a great potentiation of its ability to inhibit the action of 
hyaluronidase on hyaluronic acid. Hesperidin was originally chosen for the 
investigation as a representative vitamin P compound, and it seems prob- 
able that the formation of similar derivatives of any member of the vitamin 
P group would result in the same potentiation. 

It is true that inhibition of hyaluronidase action has been demonstrated 
by many compounds which show no vitamin P activity in vivo. The 
action of such substances on hyaluronidase zn vitro, however, differs in one 
respect from that of the vitamin P compounds: they cause no potentiation 
of the inhibitory effect on hyaluronidase of ascorbic acid. It can therefore 
be postulated (on the basis of necessarily incomplete studies) that the 
property of potentiating the action of ascorbic acid on hyaluronidase in 
vitro is a measure of vitamin P specificity. 

If, as has been suggested (6), hyaluronidase plays a role “in accentuating 
capillary fragility” the importance of an effective inhibitor of hyaluronidase 
in the clinical treatment of this condition is manifest. It would appear 
obvious, however, that such a substance must have a vitamin P specificity; 
heparin, for example, although an extremely effective hyaluronidase inhi- 
bitor, would be useless in this connection because of the other physiological 
effects which it is known to produce. 

The importance of the derivatives of hesperidin which have been svnthe- 
sized and tested, then, lies in the fact that they exert a very much more 
powerful inhibitory effect on hyaluronidase than do the vitamin P com- 
pounds themselves, while retaining their vitamin P specificity, as evidenced 
in the case of the acetylated hesperidin. A more specific evaluation of the 
utility of these compounds must of course await testing in rive. 


SUMMARY 


Three derivatives of hesperidin have been synthesized. These include 
acetylated hesperidin, sulfonated hesperidin, and phosphorylated hesperi- 
din. 

All three have been shown to exert a greater inhibitory effeet on hyaluron- 
idase action than does hesperidin itself. In the case of the acetylated hes- 
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peridin, the same potentiation of the action of ascorbic acid as was evidenced 
by hesperidin has been demonstrated. 

The inhibitory effect of the phosphorylated hesperidin and the sulfonated 
hesperidin has been shown to be neutralized by salmine sulfate. 

Suramin has been shown to be an effective inhibitor of hyaluronidase 
action. 
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THE ASSAY AND DISTRIBUTION OF COENZYME A* 


By NATHAN O. KAPLAN anv FRITZ LIPMANN 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, and the 
Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, January 29, 1948) 


This is the first paper in a series dealing with partial identification of 
coenzyme A, a pantothenic acid derivative (1), and with the enzymatic 
reactions in which this coenzyme is involved. These studies originated 
with the observation that pigeon liver extract on autolysis lost the ability 
to acetylate sulfanilamide (2). Such ability, however, was regained fully 
on addition of boiled extract of liver and of other organs. This observation 
characterized the enzymatic acetylation of aromatic amines, with adenosine 
triphosphate as a condensing agent, as being due to an apoenzyme-coen- 
zyme system. ‘The ease with which coenzyme was destroyed by autolysis 
suggested a convenient method of preparation of the apoenzyme which 
proved valuable for coenzyme evaluation. In the present paper, the assay 
procedure will be described. The results of assays for coenzyme A in 
various materials show a ubiquitous distribution of coenzyme A in living 
cells. 


Preparation of Pigeon Liver Extract 


It has been mentioned in « previous publication (2) that the most suitable 
extracts were obtained from acetone powder. An important advantage of 
the acetone powder extract over fresh extract is a low content in adenosine- 
triphosphatase of the former. For preparation of the acetone liver powder, 
pigeons are killed by decapitation and bled as completely as possible. The 
livers are quickly removed and chilled until used. The livers are weighed 
‘and a volume of chilled acetone, 20 times the weight in gm. of the livers, 
is placed in a chilled Waring mixer. ‘The livers are now minced, transferred 
to the mixer, and homogenized with the acetone for 2 minutes. The homo- 
yenate is rapidly filtered on a Biichner funnel and the residue is washed on 
the funnel with acetone and ether, with care not to pack too tightly. The 
ether should be checked for peroxide, the presence of which destroys the 
enzyme preparation. ‘The homogenization is carried out in the cold room. 
When well chilled acetone and ether were used, it was not found necessary 
to carry out the filtration under refrigeration. The powder is eventually 
dried in a vacuum desiccator over phosphorus pentoxide. Connective 
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tissue is removed by passing the powder through a sieve. From 15 to 20 
gm. of pinkish powder are obtained from 100 gm. of fresh liver, corres- 
ponding to ten to twelve pigeons. 

We have observed that the pink color is a helpful index for the activity 
of the preparation. The presence of undenatured hemoglobin gives this 
reddish tinge. If, however, most of the hemoglobin is denatured, a brown- 
ish acetone powder results which invariably has poor activity. We find 
that at least 15, and even better 20, volumes of acetone are necessary to 
give satisfactory preparations, and that the purity of the ether must also 
be controlled with great care. 


Preparation and Aging of Extracts 


The extract is prepared by carefully rubbing up 10 gm. of liver powder 
with 100 ml. of 0.02 mM sodium bicarbonate solution. The insoluble residue 
is removed by centrifugation. Between 60 and 75 ml. of dark reddish, 
slightly opalescent fluid are obtained. This has now to be kept frozen over- 
night in a deep freeze chamber. For inactivation, the material is thawed, 
brought to room temperature, and allowed to stand for 4 hours. This 
produces 95 to 100 per cent inactivation. After aging, the extract is recen- 
trifuged, and the insoluble material discarded. The aged extract can be 
kept indefinitely by deep freezing. 

It is important to freeze the extracts before aging, as freezing precipitates 
a large amount of adenosinetriphosphatase. Recentrifugation should be 
earried out after aging or else the preparation loses much of its activity. 
For example, « pigeon liver extract, which was centrifuged first and then 
aged, acetylated 16.0 y of sulfanilamide, while a comparable extract, when 
first aged and then centrifuged, acetylated 44.2 y of sulfanilamide per ml. 
The aged recentrifuged extract should be a reddish, water-clear solution. 

The rate of breakdown of coenzyme A in the extract is shown in Table I. 
In the earlier experiments, inactivation was carried out by allowing the 
extract to stand overnight at 5-8° (2). Table I shows that a more complete 
inactivation is obtained by autolysis for 4 hours at room temperature. The 
enzyme mainly responsible for the inactivation is unstable and its activity 
decreases during incubation at room temperature to u small fraction of the 
original. This circumstance is of advantage for the use of the extract in 
the assay of coenzyme A. 


Assay Procedure 


If aged extract is supplied with sulfandamide, acetate, and adenosine 
triphosphate and cysteine and citrate are added as stabilizers, the rate of 
acetylation becomes exclusively a function of the concentration of coenzyme 
A. Cysteine reactivates and stabilizes the acetylation enzyme. In our 
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experience, citrate exerts its influence largely, if not exclusively, by sup- 
pressing residual adenosinetriphosphatase activity through the deionization 
of calcium; in further purified preparations, the stimulatory effect of citrate 
disappears together with adenosinetriphosphatase activity. 

For the routine assay of coenzyme A, it is convenient to combine most 
of the reagents into the following reaction mixture: 10 ml. of 0.004 m sulfa- 
nilamide, 2.5 ml. of M sodium acetate, 8.0 ml. of approximately 0.05 M potas- 
sium adenosine triphosphate, 10 ml. of 0.2 mM sodium citrate. 

The pH of the mixture should be around 7. Larger samples are divided 
into small portions of 4 to 5 ml., which are kept frozen until used. Tubes 
of 1 to 1.3 em. in diameter ure used for the assay. It is advisable not to 
increase unduly the proportion of surface to volume in order to reduce the 


TABLE 
Breakdown of Coenzyme in Liver Extract 


Per cent decomposition 
Incubation time 


73° 4° 

hrs 

] 

2 7S 24 

3 Q5 

4 100 41 

7 
16 SO 


oxidation of cysteine during the experiment. Under the conditions de- 
scribed above, no difference was found when air was replaced by nitrogen. 

To each tube there are added (1) the solution to be tested for coenzyme 
activity (this volume should not exceed 0.8 ml.), (2) 0.3 ml. of the assay 
reaction mixture, (3) 0.08 ml. of a freshly prepared m sodium bicarbonate 
solution, (4) O.1 ml. of 0.1 M evsteine hydrochloride, (5) 0.25 ml. of the aged 
enzyme, (6) water to volume. A blank is prepared by adding all the con- 
stituents except coenzyme. ‘The tubes are stoppered, mixed, and incubated 
for 2 hours in a water bath of 37°. The reaction is halted by adding 4 ml. 
of 5 per cent trichloroacetic acid. After centrifugation, aliquots of 1 ml. 
are taken for sulfanilamide determinations, carried out by the procedure 
of Bratton and Marshall (3). Readings were made on a Klett photoelectric 
colorimeter, with Filter 54. The difference in sulfanilamide between the 
blank and the tubes containing coenzyme represents the amount of sulfa- 


nilamide acetylated. 
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Concentration-Activity Curve and Coenzyme A Unit 


In Fig. 1 there is presented the response of aged enzyme to increased 
amounts of coenzyme A. With the same enzyme preparation data are com- 
pared for crude, boiled liver extract and for highly purified coenzyme, 
The concentration-activity curves for these two preparations of coenzyme 
overlap almost exactly, which shows an independence of relative activity 
of the degree of purity. At medium concentrations, the curve is nearly a 
straight line, and it appeared logical to choose the point of half reaction as 
the unit. Such an amount, therefore, as will activate our system to half the 
maximum activity ts defined as 1 unit of coenzyme A. Lhe unit is largely 
independent of th¢ individual enzyme preparation, even if the absolute 
amounts of acetylated sulfanilamide may vary. The coenzyme A unit 
contains 0.7 y of bound pantothenic acid and is independent of the purity of 
the preparation (1). 

It may be observed that, after reaching near saturation, the curve still 
tends to climb very slowly. Such small increases are disregarded in our 
definition of the unit of coenzyme A, a practical saturation point being fixed 
at 3 to 4 units. 

At coenzyme A saturation, a good enzyme prepuration will acetylate 75 
to 85 per cent of the added sulfanilamide. Best readings are therefore 
obtained in the region of the curve where approximately 40 per cent of the 
sulfanilamide disappears during incubation. [Extracts which show con- 
siderably less acetylation should be discarded. In some cases, a weak 
extract may be improved by addition of an extra 0.1 ml. of 0.1 M cysteine. 


Standard Coenzyme 


A potent coenzyme solution is prepared by quickly boiling fresh minced 
pigeon, rat, or rabbit liver with 3 volumes of water. ‘To make a dry prep- 
aration of coenzyme A, this solution is brought to pH 2 with hydrochloric 
acid and then is precipitated with 10 volumes of acetone; the precipitate 
is Washed with acetone and ether and dried. This preparation is hygro- 
scopic and deteriorates on wetting. When kept in a desiccator, however, 
in a cool place, it is verv stable. Such crude coenzyme preparations 
contain 0.25 to 0.5 unit per mg. of dry matter. This preparation is used as 
the reference coenzyme. With it, an activity-concentration curve (Fig. | 
is prepared, and the amount corresponding to the unit is noted. 

For evaluation of unknown samples, we test at two levels, slightly below 
and above the unit point respectively, and take the average. In each assay 
run are included the unit and the saturation points with the reterence coen- 
zyme. The reading for the test sample, if not too fur removed from the 
unit point, is divided by the reading for the unit of the reference coenzyme. 
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This yields directly the number of units contained in the unknown. A 
somewhat more accurate, although a more laborious, method of standardi- 
zation is to prepare a curve with reference coenzyme for every batch of 
extract over a wider range of concentrations. From this standard curve, 
the coenzyme content of the test sample may be read directly. A new curve 
has to be prepared for every new extract, even if it is made from the same 
batch of acetone powder. In deep freezing, however, the extract does not 
change. 
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UNITS GOENZYME 
hig. Concentration activity curves for coenzyme A preparations of different 
puritv. The arrow tndieates the point of 1 unit on the curve. Ordinate seale, sul- 
fanilamide acetylated. ©, crude coenzyme,0.25 unit per mg.; X. purified coenzyme, 
130 units per my 7 


Coenzyme A Content of Animal Tissues, Microorganisms, and 
Plant Materials 


Preliminary data on the distribution of coenzyme A were published pre- 
viously (2, 4). Some further data on the distribution of the activator of 
choline acetylation in brain, which is identical with coenzyme A (5), were 
reported by Feldberg and Mann (6) and Nachmansohn and Berman (7). 

For the assay of coenzyme A in tissues, animals are killed by decapitation 
and the organs quickly removed and chilled. The organs are minced or 
homogenized with the appropriate volumes of water and rapidly boiled. 
The boiled extracts are then centrifuged or filtered and assayed for the 
coenzyme. 

In this procedure, little or no coenzyme is lost by autolvsis. This was 
checked by microbiological determination of free and coenzyme A-bound! 


1 Novelli, G. D., Kaplan, \. O., and Lippmann, F., in preparation. 
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pantothenic acid. Little or no free pantothenic acid was found in fresh 
tissues. Therefore, most or all of the pantothenic acid is bound in coen- 
zyme A. Detailed data on this point will be reported subsequently. 

Table II shows that considerable amounts of coenzyme A are present in 
all parenchymatous organs. The highest amounts are found in liver, as 
appears to be the general rule for all coenzymes. Liver seems to act to 
some extent as a storage organ. It was observed that the content of coen- 
zyme A in liver fluctuates more with variation of pantothenic acid intake 
than does the content of other organs. 

It is noteworthy that the organ nearest to the liver in coenzyme A con- 


I] 
Coenzyme A in Animal Tissues 


All values are given in units of coenzyme A per gm. of fresh tissue. 


Human Rabbit Rat Pigeon 

Liver..... 112 132 105 
Adrenal... 65 

demedullated* 7 
Kidney. . | 50 74 
Brain.... 10 (Cortex) Os 1) 
Heart. 26 12 15 
Testes. | 
Intestine 26 
Thymus.. 20) 
Skeletal muscle. 
Blood plasma.. 0) 


Red blood cells 34 


* We wish to thank Dr. H. W. Deane and Dr. R. O. (rreep for the demedullated 
glands. 


tent is the adrenal gland. Most of the coenzyme A must be present in the 
cortex, since demedullated adrenals show essentially the same amounts as 
do the whole adrenals. It is tempting to see a relationship between this 
high content in coenzyme A and the adrenal cortex degeneration in panto- 
thenic acid deficiency (8). A possible r6le of coenzyme A in the manu- 
facture of cortical hormone may be suggested by its function in acetate 
metabolism (9, 10). Acetate has been reported as being a building stone 
of substances of steroid structure (11). 

In Table II data on human blood are included. Coenzyme A was found 
absent in plasma, but red blood cells contained relatively large amounts, 
3 to 4 units per ml., which corresponds to approximately 2 y of pantothenic 
acid. Values of 0.2 to 0.4 y per ml. (12), reported for pantothenic acid in 
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blood cells, therefore appear too low, owing probably to an incomplete 


recovery of pantothenic acid from coenzyme A. 


Among the data on coenzyme A content in microorganisms, there is 
included a considerable number of values which were obtained with dry 
preparations, some of which had been stored for some time. These prep- 
arations were obtained by drying the organisms in a thin layer over phos- 


III 


Coenzyme A in Microorganisms* 


Coenzyme A 


Microorganism per gm. dry 
weight 
uniis 
Proteus morganit... 572 
Lactobacillus arabinosus. | 150 
delbrueckii. . 40 
Tray-dried yeast... 72 
| 4] 
Escherichia coli 320 
Propionic acid bacteria 330 
Clostridium butylicum (dried extract) 2000) 


Preparation used for assay 


Freshly grown organism, 


boiled 

Dry preparation, — sus- 
pended in water and 
boiled 


*We wish to thank Mr. G. ID. Novelli for collaboration in these experiments. 


TABLE IV 


Coenzyme A in Plant Material 


Spinach. .. 

Tomato.. 

Frozen peas. 

Wheat germ (commercial sample) 
Royal jelly (bee)*... 


* Kindly supplied by Dr. Thomas 8. Gardner. 


Coenzyme A per gm. fresh 
weight 


units 


O.74 


phorus pentoxide, during which some autolysis may have occurred. The 
data obtained with these materials are to be considered minimum values. 
The figures in Table III show a considerable variation in coenzyme content 
in various microorganisms. The highest content so far observed in nature, 
2000 units per gm. of dry matter, was found in Clostridium butylicum ex- 
tract prepared according to the method of Koepsell and Johnson (13). This 
observation, together with the observed réle of coenzyme A in acetate meta- 
bolism (9), seems to suggest a function of coenzyme A in the condensation 


of 2 earbon residues to 4 carbon chains. 
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Comparison of the data for coenzyme A in microorganisms und tissues 
shows that the coenzyme appears to be present in similar concentrations in 
both groups. It is to be observed that the data for animal tissues are given 
for fresh weight and are to be multiplied by a factor of 4 for such compari- 
sons. The content in plant material is generally lower. Peas, however, 
contain considerable amounts, and a high content was found in 2 commer- 
cial wheat germ preparation. The royal jelly of the bee was tested because 
of its unusually high content of pantothenic acid (14) but no coenzyme A 
was found. See Table IV. 

In general, the ubiquitous presence of coenzyme A in living cells soon 
suggested a more important function for it than merely that in the acetyla- 
tion system ‘in which its activity was first observed. Recent observations 
tend to amplify this early suggestion (9, 10). 


SUMMARY 


A method is described tor the assay of the pantothenic acid derivative, 
coenzyme A. Pigeon liver extract which undergoes autolysis loses its 
ability to acetylate sulfanilamide. The acetylating activity is recovered 
by addition of coenzyme A. At medium concentration, reactivation. is 
proportional to coenzyme A concentration. 

A unit of coenzyme A is defined as that amount which reactivates our 
system to half the maximum activity. 

Data are presented on the coenzyme A content of :nimal tissues, micro- 
organisms, and plants. It was found to be a general constituent of living 
organisms. The highest values were observed with liver, Clostridium 
hutylicum, and Proteus morgan. 


BIBLIOGRAPHY 


Lipmann, F.. Kaplan, N.O., Novelli, G. D., Tuttle, L. Co. and Garrard, BoM 
J. Biol. Chem., 167, S690 (1947), 

2. Lipmann, F.. 7. Brol. Chem., 160, 173 (1945). 

3. Bratton. A.C... and Marshall, Jr., J. Biol. Chem... 128, 537 (1030 

Lipmann, and Kaplan, N.O., Federation Proc... 6, 145 (1946 

and Kaplan, N.O., J. Brol. Chem., 162, 743 (1946 

6. Feldberg, and Mann, T. J...7. Physiol., 104, 411 (1046). 

7. Naehmansohn, and Berman, M.../. Biol. Chem... 166, 551 (1046 

S. Deane, Wo and MehKibbin, J. Endocrinology, 38, 385 (1946 

Novelli, G. and Lipmann, F.,./. Biol. Chem., 171, 883 (1947), 
lO. Kaplan, N. Oo, and Lipmanun, F., Federation Proc., 6, 266 (1947). 
ll. Bloeh, Borek, and Rittenberg, D., Brol. Chem., 162, 441 1946 
I?) Pearson, P. B., J. Brol. Chem., 140, 423 (1941) 
Koepsell, and Johnson, M. Biol. Chem... 146, 370 (1942 
Pearson, Po Boo and Burgin, Proce. Soc. Erp. Biol. and 48, 415 (1941 


\ 
I 
{ 


A METHOD FOR COMPUTING THE EFFECTIVE EXTRANEOUS 
REDUCERS IN THE FOLIN SPECTROPHOTOMETRIC 
DETERMINATION OF CYSTINE* 


By HERBERT M. WINEGARD anp GERRIT TOENNIES 


(From the Lankenau Hospital Research Institute and The Institute for Cancer 
Research, Philadelphia) 


(Received for publication, January 19, 1948) 


The basic Folin method (1) for the determination of cysteine and cystine 
is dependent upon the blue color resulting from the reduction of phospho- 
iS-tungstic ncid by the sulfhydryl group of cysteine. For the determina- 
tion of evstine, one-half of its molecule is converted to cysteine by cleavage 
with sulfite (2). Under the conditions of sulfite treatment, the color due 
to cysteine itself is doubled. The color reaction is complicated, however, 
by the fact that the phosphotungstic acid reagent is reduced not only by 
cysteine but also to a certain extent by so called ‘‘extraneous reducers.” 
Luge found (3) that the action of reducers other than cysteine may be in- 
creased by sulfite and proposed mercaptide formation of cysteine with 
mercuric chloride as a means of isolating the non-cysteine color, only to 
discover that the reducing effect of the extraneous reducers is enhanced 
when cysteine is thus climinated. He overcame this difficulty by adding 
to the mercuric chloride blank «a known amount of ferrous ion in quantity 
approximately equivalent to the amount of cystine present. Ferrous ion 
reduces phosphotungstic acid quantitatively, and by subtracting its con- 
tribution trom the total color Lugg obtained the color value of the 
extraneous reducers as it appears in the presence of the large amount of 
reduced phosphotungstate. Wassell and Brand (4), in developing « modifi- 
cation of the Luagg method tor use with the Pulfrich photometer, also recog- 
nized the tact that the direct mereurie chloride blank is too large. They 
replaced the terrous ion method of Lugg by a scheme in which two mercuric 
chloride blanks were used, one with and one without sulfite. By averaging 
the resulting two values, they empirically arrived at what they considered 
to be approximately correct results. 

In connection with an investigation of the sulfur balance of a number ot 
proteins, the Kassell and Brand method has been adapted for use with the 
Coleman model 11 spectrophotometer. With their method tor computing 
the blank value. ieonsistencies were encountered in results obtained: on 

* Aided by « grant from the MeNeil Laboratories, Inc., Philadelphia. Reported 
in part before the Division of Biological Chemistry of the American Chemical Society 
at Atlantie City, April, 1947. 
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HCI-HCOOH hydrolysates of proteins, and generally on proteins contain- 
ing substantial amounts of nucleic acid. These difficulties manifested 
themselves in cystine values varying with the amount of hydrolysate taken 
for analysis. It became necessary, therefore, to evaluate the blank values 
more critically by comparing them with those obtained by the ferrous ion 
method, which appears to be the most reliable if not the most convenient 
method of correction. 

The results have revealed certain systematic relations between total re- 
ducers, apparent extraneous reducers, and true extraneous reducers which 
‘an be deseribed by a nomograph. It appears that, within the range of 
materials studied, application of the nomograph permits a simpler evalua- 
tion of the blank than was heretofore possible. In addition, data have 
been obtained pertaining to the relation between method of hydrolysis and 
maximum cystine values. 


EXPERIMENTAL 


Proteins Used-——Commercial egg white (egg albumin, Merck, impalpable 
powder, soluble), bovine plasma albumin (Armour Laboratories, Chicago), 
Tissue Protein TP38M (a representative mixture of all the protein fractions 
obtained in this laboratory from a human lymphosarcoma), edestin (Hoff- 
mann-La Roche), lactalbumin (Labco 7-HAAX),' reduced lactalbumin 
dactalbumin reduced by thioglycolate),! and casein (Labco).! 

Hydrolysis At the outset of the investigation, a series of hydrolysis 
experiments was run in order to establish optimum conditions for obtain- 
ing reproducible and constant values for cystine in proteins. Dred egg 
white was used as the trial protein. Hydrolvyses were carried out in a 
sealed tube in a pressure cooker kept at 120° in a constant temperature oven. 
The hydrolytic media used were 3 x HCl], 3. N HCl in vacuo, and a 1:1 
mixture of 98 per cent formic acid and 6 N HCl] 7¢n vacuo (a modification of 
the method of Miller and du Vigneaud (6)). Samples consisted of approx- 
imately 200 mg. of protein and 2 ec. of acid. 

As shown in Fig. 1, the HCI]-HCOOH medium vielded the best results. 
(ther proteins hydrolyzed by this method behaved similarly. A protein 
fraction derived from a tumor nucleoprotein preparation vielded 0.85, 0.85, 
and 0.82 per cent cystine at 8, 16, and 24 hours, respectively, and bovine 
plasma albumin gave identical values of 6.02 per cent cystine at 6 and 16 
hours. The method, therefore, permits of wide latitude in the time of 
hvdrolvsis.2. Kassell and Brand (7) did not recommend HCI]-HCOOH. as 


! We are indebted to Dr. E. Brand for the samples of casein, lactalbumin, and re- 
duced lactalbumin used in these analyses. Their description, method of preparation, 
and cystine and cysteine content were reported by Kassell, Cahill, and Brand (5). 

? Similar experiments on methionine recovery showed that the HCI-HCOOH 
method, while satisfactory for hydrolyzing egg white, did not prevent losses of 
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a hydrolytic medium because they considered it necessary to remove the 
formic acid before analysis. We have found that under our conditions the 
analysis is not affected by the presence of formic acid and, in addition, that, 
its removal by evaporation of the hydrolysate resulted in decreased cystine 
values (4 per cent and 7 per cent in two cases). Therefore, the analyses 
were, asa rule, carned out without removal of formic acid. In one series of 
determinations on the tissue protein (Sample 5EN, Table II), the hydrolysate 
was evaporated in a desiccator in order to study the effect of the removal 
of volatile substances on the blank value. In order to obtain a variety of 
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Fic. 1. Rate of eystine loss in egg white in different hydrolytic media. O, 3.N 
HC], 120°; 0,3 HCI, 120°, in vacuo; A, 3 N HC1-50 per cent HCOOH, 120°, in vacuo. 
The slightly lower maximum value for this last curve is due to the removal of HCOOH 
by evaporation, which was later found to cause small losses in cystine content. 


blank conditions, a series of determinations was also included on a hydro- 
ehloric acid hydrolysate of egg white. 

Decolorization While the use of a spectrophotometer ordinarily makes 
the removal of soluble humins unnecessary, it Was found that at the pH 
of the analysis precipitating humins often caused turbidities. Unless 
otherwise noted, the hydrolysates were therefore adjusted to pH 4.5 to 
4.8 and, after 20 minutes, filtered. A later check on this method showed 
that under these conditions any cysteine present undergoes rapid oxidation 
to cystine, so that only the sum of cystine and cysteine is being measured. 


methionine after 8 hours of hydrolysis in the case of a protein fraction derived from 
a tissue nucleoprotein. It is evident that the conditions of hydrolysis must be care 
fully investigated for the particular amino acid and protein being analyzed. 


| 
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In the case of casein, the lactalburnins, and edestin, listed in Table IL, the 
hydrolysates were not decolorized or neutralized previous to color develop- 
ment and any resulting turbidities were removed by filtration through » 
sintered glass filter.’ 

Analytical Method Vhe reagents and general procedure are those of 
Ikassell and Brand (4). The various reaction mixtures used are stumma- 
rized in ‘Table [. The final volume in each cuse was 24 ce. Readings 
were made in 1.31 em. square cuvettes at a mean wave-length ot 720 may. 
Spectrophotometric values are reported in optical density units equivalent 


TABLE | 
(Composition of Reaction Visi 
Kassell and Brand method (Lugg:* 


Solu- Solu Solu Solu Solu Solu Solu Solu 


tion A” tion B tion D tion! tion F tion G tion H tion | 


Butter, pH 57 2.39 2.9 2.0 2.0 2.9 2.5 
HgeCl., 0.25 mM... 0.1 | 4 
HoO.... To make reaction volume of S ce 
Phosphotungstic acid... 0.5 0.8 OD O.5 
Buffered sulfite 0.25 0.25 0 0.25 () 25 


“The use of two levels of ferrous ion concentration in the blanks, followed by 
interpolation between them, is our refinement of the original Luge method. 

+ Sufficient NaOH to neutralize the acidity of the aliquot of the hydrolysate, 
us determined by previous titration to the methy! red end-point 

t To vield an amount of color approximately half that of solution A 

§$ To yield an amount of color approximately equal to that of solution A. 


to & log /, where /, is the intensity of the inerdent light and / 
that of the transmitted light. The photometer blank consists of butte: 
plus phosphotungstic acid (solution i’). It is our experience that the 
phosphotungstic acid reagent contributes an appreciable amount of light 
absorption to the solution tested, corresponding to about LO optical density 
units. While in the actual determination this correction cancels ont by 
subtraction of the blank, it is important in the preparation of the calibra 
tion curve. Unless readings are made against 2 phosphotungstie acid 
photometer blank, the ratio of color to cystine concentration will markedly 
Increase at low concentrations because of the contribution of the reagent 


‘ [tis our experience that filter paper selectively adsorbs the blac reduced plios 


photungsl aeid, 
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color; 2.¢e., one does not obtain a constant molar extinetion coeflicient. The 
molar extinction coctheient for eysteine-reduced phosphotungstie acid at 
720 my was found to be 6910 + 20 over a range of 5.05 * 10-1 to 26.0 « 
10-* mo of cystine per 25 cc. of final solution. 

In solution \ there is developed the total color of cystine and of the 
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ALIQUOT OF HYDROLYSATE (CC) 
bic. 2. Optical densities ot the total color A (A), observed blank B ((), and 
tHlank B’ correeted by the ferrous method of Lugg (QO). J, bovine plasma albu- 
min; egg white; Tissue Protein TP38M, Sample 5EN, /7V; Tissue Protein 
TPS8M, Sample 4N (see foot-note to Table ID) 


extraneous reducers; solution B gives the extraneous reducers with sulfite, 
and solution I) shows the color caused by the extraneous reducers without 
sulfite. Tv averaging the two blanks, B and ID, Kassell and Brand obtain 
their correction for extraneous reducers. In solutions F and H, eysteine, 
innetivated by mercurie chloride, is replaced by ferrous ion, in accordance 
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with Lugg’s procedure. The amounts of ferrous ion used in solutions F 
and FE correspond respectively to approximately one-half and all of the 
color of solution A. At each level a concurrent determination on the same 
amount of ferrous ion solution without any hydrolysate is run (solutions 
(;and 1). The differences between F and G and between H and I represent 
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BLANK 8B - OPTICAL DENSITY 


hic. 3. Relation of blank B’ (HgClh, SO,7, and Fe**) to blank B (HgCl., SO >) 
at different levels of total optical density. @, bovine plasma albumin; O, egg 
white; §§, Tissue Protein TP38SM, Sample 5EN; 0, Tissue Protein TP38SM, Sam- 
ple 4N. The broken line is the locus of the optical densities of all solutions in 
which cystine and eysteine are absent and in which B’ (corrected blank) is equal 
to the determined blank, solution B, and both are equal to the color of solution A. 


the colors corresponding to the extraneous reducers at the total optical 
densities of solutions F and H, respectively. From the resulting blanks at 
these two levels, it is a matter of interpolation to calculate the optical den- 
sity of the extraneous reducers in the presence of the color obtained in 
solution A of the determination. This corrected blank is referred to as 
B’ hereafter. The difference between the color values A and B’ is the opti- 
cal density due to the total cystine present. 


H. M. WINEGARD AND G. TOENNIES 51 


Results 


The first proteins studied were egg white, bovine plasma albumin, and 
two tissue protein samples. Analyses were run on 1, 2, and 4 ee. aliquots 
of the hydrolysates. The resulting optical densities corresponding to A, 
B, and B’ are shown in Fig. 2. It is notable in these graphs that in each 
ense the values of A, B,and B’ coincide, within the limits of error, at zero 
amount of hydrolvsate, indicating that the color contributed by the sulfite 
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OPTICAL DENSITY 


hig. 4. Nomograph for determining the adjusted blank value B’ from the deter- 
mined values of total color (solution A) and mereurie chloride blank (solution B) 


is independent of the added mereuric chloride and therefore cancels out in 
the final ealeulation. However, the graph also shows that, for reasons not 
apparent, the magnitude of this sulfite color differs for different hydroly- 
sates, 


The decreasing slope of the corrected Bo curves with increase of total 
color in solution A suggests a suppressing action of the redueed phospho- 
tungstate on the reaction of the extraneous reducers. This tendency, 
evident in all the proteins tested, presented the possibility that a general 
relationship exists between the corrected blank values (B’) and the de- 
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TABLE II 
Cystine Values Obtained by Three Methods for Computing Blank 
| Cystine content found (range and average) 
Protein* 
Lugg (Fe) Nomograph 
Ce. per cent per cent per cent 
Bovine plasma al- (a 2, 4 5.80-5.94 35.80-5.89 5.50-5.72 
bumin 5.85 5.85 5.63 
white N 2. 26-2. 43 2.28-2. 43 2. 21-2. 36 
2.36 2.35 2.25 
Tissue Protein (a) 1, 2,4 1. 25-1.30 1 22--1.28 24-1.25 
TP35M, Sample 1.28 1.26 1.25 
5EN 
Tissue Protein 1 .34-1.43 1. 40-1 .46 1.41-1.55 
TP3SM, Sample 1.40 1.43 | 1.47 
4N 
Tissue Protein 1. 3S8-1.44 1. 37-1 
TP3S8M, Sample 1.45 1.48 
IN 
Tissue Protein 4 36 1. 31-1.33 
TP358M, Sample 1.36 1.32 
2EN 
Tissue Protein lL, 2, 3,4 1.27-1.39 1. 30-138 
TP38M, Sample 1.34 | .33 
3EN 
Tissue Protein 1. 36-1.3S 1. 35-1. 38 
TP38M, Sample |. 3S 1.37 
4EN 
Casein N (Cc) U.321 0.32% 0.32 
Lactalbumin (a), 8& hrs. 3.00 2.99 2.99 
2.94 2.92 2.89 
Reduced lactal- = 2.55 2.57 2.58 
bumint 2.54 2.62 2.54 
Edestin 1.18 1.16 
1.21 1.20 1.18 


* The symbol E indicates removal of the formic acid after hydrolysis by evap- 
oration, while N indicates neutralization of the hydrolysate (pH 4.5), followed by 
filtration of the precipitated humins before analysis. 

t (a), 3 N HC1-50 per cent HCOOH, sealed tube in vacuo, 120°, 8 hours and, for 
the last three proteins, also 16 hours; (5), concentrated HC1, steam bath for 15 hours, 
boiled under a reflux for 8 hours; (c), 3 N HC], sealed tube in vacuo, 120° for 8 hours. 

t The cysteine content of the reduced lactalbumin was found to be 0.18 and 0.13 
per cent after 8 and 16 hours of hydrolysis, respectively. Dr. FE. Brand’s own de- 
termination gave 0.53 per cent cystine and 2.5 per cent cysteine. The cysteine 
determinations were repeated twice, in these cases hydrolyzing for 8 hours and 
analyzing within 30 minutes, without significant change in the results. We con- 
clude that the thioglycolate-reduced lactalbumin has undergone extensive reoxida 
tion during storage (about 10 years). 
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termined .\ and B values. To explore this possibility, the data obtained 
with the different protein hydrolysates were combined into one graph by 
selecting the total optical density levels (determination of solution A) of 
100, 200, 400, 600, and 700 and for each of these levels correlating all values 
of solution B with the corresponding B’ values. This resulted in the graph 
shown in Fig. 38.) The similarly designated points represent each of the 
proteins and the curves connecting the points correspond to constant total 
optical density levels of solution A. 

The plotted data from these four hydrolysates seem to confirm a func- 
tional relationship. Besides accounting for the experimental points, they 
also adequately cover the limiting conditions of (@) a cystine-free hydroly- 
sute and (b) a pure cystine solution. In both of these cases the B and B’ 
blanks are equal and in case (b) amount to zero. Fig. 4 shows a nomograph 
which is constructed trom the ideal values of Fig. 3. Within the ranges 
covered, big. 4 permits direct reading of the B’ value corresponding to any 
combination of experimentally found values for solutions A and B by 
pore yectimg a line connecting the points corresponding to solutions A and B 
on the two horizontal lines to the curved seale of B’ values. 

With the aid of this nomograph, results obtained on a number of hydroly- 
sutes in addition to the ones constituting the basis for the nomograph were 
calculated. In Table I] are shown the values obtained on each hydrolysate 
by the method of Kassell and Brand or by the nomograph method, and in 
most cases also those obtained by the Lugg ferrous procedure. 

(on the whole, it seems that there is little difference in the results obtained 
by the various methods for calculating the blank. However, some varia- 
tion may be noted in the case of hydrolysates with high blank values, such 
as the tissue protein, Samples 4N and LN, and also in those with very low 
blanks, such as the bovine plasma albumin. ‘The former proteins yield 
high results, while the latter tend to be low with the Kassell and Brand 
method, as compared with that of Lugg. It is only by using the higher 
values obtained with the nomograph on bovine plasma albumin that all of 
the sulfur could be accounted for as cystine and methionine. 


DISCUSSION 

As has been demonstrated by others, reduced phosphotungstic acid has a 
pronounced effect on the development of color by extraneous reducers. 
The mechanism may be either a shift in the equilibrium or a slowing of the 
rate of reaction of these reducers with phosphotungstie acid. In either 
‘ase, inhibition is definite and the application of the mercuric chloride 
blank alone fails to vield correct results. This inhibition is a function of 
both the total color produced by the cysteine and cystine and the amount of 
extraneous reducers present. The systematic relationship between these 
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variables, as exhibited by Figs. 3 and 4, seems to be practically independent 
of the nature of the protein hydrolysate. Because of this relationship a 
convenient nomographiec procedure may be substituted for the reliable and 
theoretically well founded Lugg method. While the empirical corrections 
of Kassell and Brand yield, in general, results as good as those obtained 
with the Lugg method, they fail when they are applied in the extreme con- 
ditions of very high blanks, such as was shown in the tissue protein, Samples 
4N and 1N, and those with very low blanks, as in the case of bovine plasma 
albumin. Under these conditions, the spread of values obtained by analyz- 
ing varying amounts of hydrolysate is decreased by applving either the 
Lugg or the nomograph method. 


SUMMARY 


1. The Foiin method for the determination of cystine, as modified by 
Kassell and Brand, has been investigated with the aim of obtaining a more 
reliable estimation of the correction due to extraneous reducers. 

2. Methods of hydrolysis are described which yield nearly constant maxi- 
mum values for total cystine in proteins. 

3. In HCILHCOOH hydrolysates, evaporation of the hydrolysate in 
order to remove formie acid causes loss of cystine. The presence of 
formic acid, on the other hand, does not affect the analvtical method 
itself. 

4. When the absorption is measured with the Coleman spectrophoto- 
meter at a wave-length of 720 mu, the phosphotungstic acid present in the 
solution increases the amount of absorption appreciably. Phosphotungstic 
acid, therefore, must be included in the photometer blank in preparing a 
calibration curve. The molar extinction coefficient for cysteine-reduced 
phosphotungstie acid was found to be 6910 + 20 at this wave-length. 

5. The degree to which extraneous reducers react with phosphotungstic 
acid is a positive function of their concentration and « negative function 
of the total concentration of reduced phosphotungstic acid. This relation 
appears to be independent of the specific nature of different types of protein 
hydrolysates and can be adequately described by a nomograph in which 
total color and color obtained when cysteine is inactivated by mercuric 
chloride are the only variables. 

6. The relationship described in terms of the nomograph gives as good «a 
basis for the estimation of the corrected blank as Lugg’s ferrous ion substi- 
tution method or Kassell and Brand’s scheme of using the mean value of 
the mercuric chloride blanks obtained in the presence and absence of sul- 


fite. 
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COUNTER-CURRENT DISTRIBUTION STUDIES ON 
STREPTOMYCIN: THE TAUTOMERISM 
OF STREPTOMYCIN 


By ELWOOD TITUS anv JOSEF FRIED 


(From the Divisions of Pharmacology and Organte Chemistry, The Squibb Institute 
for Medical Research, New Brunswick) 


(Received for publication, January 20, 1943) 


The simplicity and reproducibility which characterize the conversion of 
streptomycin to maltol (1) by heating in dilute alkali have made this reac- 
tion the busis of a frequently used analytical method for streptomycin (2). 
When used in these laboratories us a method of assaying streptomycin 
preparations, however, the maltol reaction consistently gave lower yields 
per unit of potency with pure streptomycin trihydrochloride or its calcium 
chloride double salt than with impure preparations of lower activity. ‘This 
observation suggested the possibility that the cruder concentrates contained 
other maltol precursors less active than streptomycin, a supposition: which 
has been confirmed by the isolation of mannosidostreptomycin! (5, 6). 

In a preliminary communication (7) it was remarked that the broad dis- 
tribution curves obtained by the application of the Craig counter-current 
distribution technique (8, 9) to solid streptomycin preparations assaying 
approximately 400 units per mg. could be considered to indicate the pres- 
ence of at least three maltol-producing entities (ef. Curve B (7) ). The 
distribution studies herein described were originally undertaken as part of 
the effort to isolate the hypothetical third streptomycin-like substance, but 
they have now shown that this third fraction does not represent such an 
entity and have instead vielded evidence that streptomycin exists in several 
tautomeric modifications, the relative proportions of which depend on the 
pH. These tautomers differ in the ratio of distribution between some 
immiscible solvent pairs and are at least partially separable by adsorption 
on alumina. 

In order to concentrate the dilferent components, the crude mixture of 
streptomycin (400 to 500 units per mg.) Was fractionated by liquid chroma- 

1 Tt has been suggested by Dr. Selman A. Waksman (Science, 107, 233 (1948)) that 
the term streptomycin be reserved for the pure substance Cx2HygN7Oy described by 
Peck et al. (3) and by Fried and Wintersteiner (4). The Squibb investigators (Fried, 
Stavely, Titus, and Wintersteiner) have cooperated with Dr. Waksman by sub- 
stituting the term mannosidostreptomycin for streptomycin B. The new name is 
based on data to be published shortly by Dr. Stavely and Dr. Fried. Crude con. 
centrates containing unknown proportions of the two streptomycins would be re- 
ferred to under the revised nomenclature as ‘‘streptomycin complex.”’ 
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tography with dry methanol and acid-washed alumina (10, 11). The solid 
residues obtained by lyophilization of each chromatographic traction were 
then subjected to counter-current distribution in butanol and 5 per cent 
p-toluenesulfonic acid (7). Since for each constituent of a mixture exam- 
ined by the latter technique the distribution curve will show a maximum, 
the location of which is a simple function of the partition coefficient (12), 
it proved convenient to refer to the various fractions obtained in terms of 
their distribution constants between the phases used. These constants, 
which may be readily calculated trom the curves (12), represent the ratio 
of concentration in butanol over concentration im the aqueous phase, and 
are for the sake of brevity hereinafter reterred to as A. The twenty-four 
plate distribution curves illustrated in this paper are all plotted so that 
fractions appear from left to right in the order of increasing distribution 
constants, substances with a A of | having their maximum concentration 
in the center. 

Distribution quickly revealed that chromatography had etfected the 
separation of three tvpes of material. That obtained in the first three or 
four fractions from the column contained 20 to 40 per cent of what appeared 
from the broad distribution curves to be an ill defined mixture of maltol- 
producing substances with A ranging from 1 to 10.) Streptomycin, with a 
K of unity, accounted for the remainder of the first fractions and occurred 
practically pure in subsequent ones. This vielded place to mannosido- 
streptomycin (5, 6) as the more strongly adsorbed fractions emerged from 
the column, a process which was reflected in the distribution curves by the 
disappearance of the central band corresponding to a A of 1 and the ap- 
pearance of a peak corresponding toa A of about 0.4. This paper will be 
concerned only with the early chromatographic fractions in which manno- 
sidostreptomycin had not vet appeared. 

Curve A in Fig. 1 illustrates the distribution in a 5 per cent p-toluene- 
sulfonic acid system of 2 typical early chromatographic fraction. The 
broad curve obtained is open to two interpretations, the immediately 
obvious one being the presence of several substances with A ranging be- 
tween land 10.) Such curves would also result, however, if material moving 
far to the right of the distribution pattern because of its high A was to be 
gradually converted during the course of the distribution to a substance of 
lower partition coefficient. In that event, part of the material would be 
left behind as the decomposing substance moved to the right, causing the 
sort of curve illustrated. Such a reaction would not be surprising in view 
of the high acidity of the system used. 

The first indication that the form of Curve A might be attributable to 
the interconversion of several modifications of the same substance was the 
striking similarity between fractions removed from various tubes of the 
distribution apparatus. 
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The concentrations of streptomycin in the run illustrated by Curve A 
were measured by the maltol test, by bioassay, and by the quantitative 
application of the Sakaguchi reaction. The modification of the latter sug- 
gested by Thomas, Ingalls, and Luck (13) was used as described in the 
literature, the more concentrated sample being diluted to approximately 
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Fic. 1. Distribution curves. Curve A, early chromatographic fraction in butanol 
and 5 per cent toluenesulfonic acid. §§, the optical density obtained by the 
Sakaguchireaction. Allother symbols represent the change in optical density at 325 
my on heating in alkaline solution. Curve B, distribution of the same material in 
butanol and % per cent toluenesulfoniec acid at 22°. Curve C, the same material 
distributed as in Curve B but at 5°) Curve D, the same material after standing in 
0.2 HoSO,, distributed as in Curve ©. 


100 units per ml. with the blank lower layer prior to the treatment with 
concentrated alkali. The correspondence of the maltol and Sakaguchi 
determinations is illustrated in Curve A in Fig. 1. Bioassay of these frac- 
tions against Alebszella pneumoniae (14) revealed that the ratio of biological 
units per ml. to the optical density at 325 my of the maltol solution produced 
in the chemical determination was constant, regardless of the fractions 
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analyzed. ‘The average deviation of +5.3 from the value of 88.2 for the 
constant was within the limit of error of the microbiological assiivs, so that 
no difference in potency, streptidine content, or ability to produce maltol 
could be demonstrated between the fractions in the higher numbered tubes 
and those in the central band. 

Further evidence was obtained in an attempt to isolate some of the mate 
rial in the fraction of the higher partition coefhieient. A twenty-four plate 
run with 5 per cent toluenesulfonie acid was made with material with the 
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Fic. 2. Distribution curves. Curve A, an early chromatographic fraction; Curve 
B, redistribution of material obtained from Tube 22 of Curve A. 
distribution pattern illustrated in Curve A, Pig. 2. The conditions were 
identical to those used in obtaining Curve A, but the run was made with 


50-fold quantities in | liter separatory tunnels. Phe lower layer im the 
separatory funnel corresponding to Tube 22 of the machine was neutralized 

with Ba(OH). and the solution freeze-dried. Vhe solid residue was trans- | 
ferred to a glass-stoppered centrifuge tube and triturated with twice its 
volume of anhydrous methanol to separate the readily soluble streptomycin ( 
trinydrochloride from the relatively insoluble (9.8 mg. per ml.) barium 


p-toluenesulfonate. After centrifugation and removal of the supernatant, 
the residue was triturated with another portion of methanol and centrifuged. 
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The combined methanol extracts were evaporated to dryness in the cold 
and the triturations with methanol were repeated. Approximately LO per 
cent of the total streptomycin content was lost at each step. Evaporation 
of the final methanol solution lett a residue of 37 mg. of solid material con- 
taining 22 per cent of streptomycin base, calculated from maltol analysis. 
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Fig. 2. Curve A, distribution of pure caleium chloride double salt of streptomycin 
hydrochloride; Curve B, distribution of the same material after standing at pH 7.42. 


Redistribution of 20.9 mg. of the material gave Curve B, Fig. 2, practically 
identical with that of the starting material, a result which could only be 
expliuined by transformation of the high A material into a substance of lower 
partition coefficient. 

In order to determine whether the high A fraction, which appeared from 
the above to be unstable in acid, could be reconstituted at higher pH, « 
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sample of 9.9 mg. of the pure calcium chloride double salt of streptomycin 
(11) was allowed to stand in solution at pH 7.42 tor 30 hours. The solution 
was freeze-dried and the residue distributed. Fig. 3 illustrates the signifi- 
cant increase in material of high A caused by this treatment, Curve A repre- 
senting the distribution in 5 per cent toluenesultonic acid of 10 mg. of the 
original sample and Curve B the same material after standing. 

The ready interconvertibilitv of these fractions strongly suggested that 
streptomycin can exist in several tautomeric modifications, the forms of 
high A being favored in alkaline and those of low A in acid solutions. To 
determine quantitatively the relative proportions of such substances by 
distribution in a system in which one form is rapidly being converted to the 
other is obviously impossible. A qualitative demonstration of their exist- 
ence is possible only when conversion proceeds slowly enough so that signifi- 
eant quantities of the forms with higher A’ survive to be carried to the 
higher numbered tubes of the apparatus. The distorted distribution 
curves caused by this phenomenon likewise make it impossible to state with 
certainty the number of tautomeric forms. 

These difficulties were partially surmounted by the use of less drastie 
conditions. 

It was found possible to slow the rate of conversion of one form to the 
other by running distributions with 3 rather than 5 per cent toluenesulfonie 
acid, and to do so even more effectively by using the 8 per cent system at 
5°. No other changes were made in the described procedure and the only 
effect was a lowering of the distribution constant. Distribution in these 
systems revealed that the early chromatographic fractions contained far 
higher proportions of the high A forms than originally suspected. Curves 
Band C of Fig. 1 illustrate the patterns obtained when 12 mg. samples of 
the same material whose distribution is recorded in Curve A were run in the 
3 per cent system at 22°, and in the 3 per cent system at 5°. 

Use of these systems permitted a clearer demonstration of the intercon- 
vertibility of the tautomeric forms. A sample of 12 mg. of the early chro- 
matographie fraction whose distributions are recorded in Fig. 1 was allowed 
to stand 24 hours in dilute sulfuric acid, neutralized, and freeze-dried. — Dis- 
tribution of the residue in 3 per cent toluenesulfonic acid is recorded as 
Curve D in Fig. 1, and comparison with Curve B in the same figure makes 
clear the decrease in the amount of material in Tubes 18 to 24, and the corre- 
sponding increase in the centrally located band. 

The formation of the high A modifications in alkaline solution was strik- 
ingly illustrated when distributions were run at 5° with 3 per cent toluene- 
sulfonic acid systems. Curve A in Fig. 4 represents such a distribution of 
19.8 mg. of the same sample of caleitum chloride double salt which was used 
for Curve A of Fig. 3. A 24.6 mg. sample of this salt was allowed to stand 
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in solution at pH 7.52 at room temperature for 24 hours, after which the 
solution was freeze-dried and the residue distributed as before, with the 
result shown in Curve B of Fig. 4. 

More nearly complete conversion was noted when another sample was 
dissolved in water, brought to pH 8.77, and allowed to stand for 72 hours, 
during which time 16 per cent decomposed, as measured by the loss in ability 
to produce maltol. An aliquot of this material was freeze-dried and the 
residue distributed at 5° with the 3 per cent system, as shown in Curve 1 
of Fig. 4. 

The presence of the aldehyde group in the streptose portion of the mole- 
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Fig. 4. Distribution in butanol and 3 per cent toluenesulfonie acid at 5°. Curve 
A, the pure caleium chloride double salt of streptomycin trihydrochloride; Curve B, 
the same material after standing at pH 7.52; Curve C, the same material after 
standing at 8.77. 


cule is apparently essential for these intereconversions, since reduction to 
the dihydro derivative eliminated the tautomerism. The dihydro deriva- 
tives of either the early chromatographic fractions or the pure calcium 
chloride double salt, when distributed in butanol and 5 per cent sulfonic 
acid, gave identical curves in good agreement with the theoretical distribu- 
tion of a homogeneous substance. Distributions of 40 mg. samples of these 
substances are illustrated in Fig. 5. 

It seems plausible, then, to suggest that, although the phenomena might 
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at first glance be taken as evidence for the existence of a third substanee 
related to streptomycin, they are more probably an indication of a tauto- 
meric mixture, possible components of which might be the aldehydo strue- 
ture proposed by Kuehl and coworkers (15), and a ring form obtained by 
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Fic. 5. Distribution curves of dihvdrostreptomyem. Curve A, the dihydro 
derivative from an early chromatographic fraction; Curve Bb, the dihydro derivative 
prepared from the pure calcium chloride double salt of streptomyein. A indicates 
the theoretical distribution of a homogeneous substance 


the reaction between the aldehyde group and « guanidine group trom the 
streptidine moiety. 
There is some evidence tor the existence of similar modifications of 


mannosidostreptomyvein since samples of the latter give curves of the same 


veneral form as the early chromatographic fractions of streptomycin. —Be- 
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cause of the distribution constant of 0.44 for this substance in the 5 per cent 
toluenesulfonic acid system, most of the material appears in a band with 
maximum concentration at Tube 7, while that portion of the curve assumed 
to represent the form with higher A occurs in the region of Tube 12. The 
possibility that this fraction indicates contamination of these samples with 
streptomycin has been eliminated by distribution in other two-phase sys- 
tems which differentiate between the streptomycins, but do not distinguish 
between tautomeric modifications. These systems are described elsewhere 
by others in these laboratories.° 


EXPERIMENTAL 


Counter-Current Distribution immiscible liquid pairs used for these 
studies were prepared by mutually saturating n-butanol and water. East- 
man c.r. p-toluenesulfontc acid monohydrate was made up in the water to 
the desired concentration, usually 38 or 5 gm. per 100 ml., and this solution 
was then shaken for several minutes with an equal volume ot the butanol. 

For the preliminary determination of distribution constants in these 
systems, streptomycin hydrochloride, assaying at 750 units per mg., which 
had been purified by the chromatographic procedure of Carter ef al. 10), 
recrvstallization of the helianthate (11), and conversion to the hydrochlo- 
ride, Was made up to LOO y per mi. in the aqueous phase.  lHqual volumes 
of this solution and the butanol upper laver were shaken together for 2 
minutes and allowed to separate. The streptomycin concentration in the 
aqueous liver was determined by the maltol reaction before and after shak- 
mg and the distribution constant caleulated as the difference in the two 
readings divided by the tinal concentration. 

To determine streptomycin concentrations, 0.2 ml. of | \ NaOH was 
added to tom. of the aqueous phase in a test-tube. The contents were 
mixed well, heated in a boiling water bath for exactly 10 minutes, and 
brought to room femperature by cooling inane bath. Loss of volume 
by evaporation during the heating was prevented by suspending a small 
funnel in the mouth of each test-tube to provide a surface for condensation 
and blowing a stream of air against the exposed upper portion of the test 
tube. ‘Phe ultraviolet absorption at 325 mu of each solution was measured 
before and after heating, with | em. cells in the Beekman quartz spectro- 
photometer, and the difference between the two readings, referred to as 
AD, was taken as a measure of the streptomycin concentration. Values 
of AJ) obtained in these toluenesulfonie acid systems are shown in Table |] 
to be proportional to the streptomycin concentration down to levels of 
approsimately 25 units per ml). Below this, the increasing vield of malto! 
hecessitites the use of correction factors to retain the proportionality. 


*Plaut,G. Wo and MeCormack, D. R., in press 
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The distribution constant of streptomycin varied with the concentration 
of p-toluenesulfonic acid, values of 0.3, 1.0, and 1.8 being obtained with 
acid made up to 3, 5, and 10 per cent in the aqueous phase. 

Partition coefficients in the 38 and 5 per cent systems proved independent 
of streptomycin concentration within the limits encountered in the distribu- 


TABLE | 
Correction of AD Values 


Units per ml. AD per unit per ml. & 100 Correction, per cent of AD 
100 1.92 
75 2.00 
60 1.95 
1.99 
30 2.07 
2.02 
15 2.18 -9.0 
10 -11.0 
a 2.54 -21.2 
2.0 3.04 -34.0 
1.25 4.24 — §3 


TABLE II 


Distribution Constant of Streptomycin in Butanol-6 Per Cent 
p-Toluenesulfonic Acid 


Per cent recovery by benzene 


Mg. per ml. Distribution constant taiatenon? 

100 0.124 

50 0.2 

25 0.46 
2.0 1.2 53.9 
1.0 0.4 
0.50 1.2 77.9 
0.25 1.4 76.9 
0.13 1.4 70.5 
0.063 7S. 
0.031 SL.O 


tions, as illustrated by the series of determinations summarized in ‘Table IL. 

Distribution curves obtained with 10, 50, and 130 mg. samples of the 
sume material proved superimposable, so that deviations of experimentally 
obtained curves from the theoretically predicted patterns were not attribut- 
able to variations in partition coefhicient during the runs. 
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In spite of the acidity of the systems, samples of streptomycin showed 
no loss in potency when allowed to stand for 45 hours in these solutions. 

All distributions were made in a twenty-four plate Craig counter-current 
apparatus similar to a previously described model (8), and containing 8 ml. 
of each phase in each tube. Samples of 8 to 10 mg. were dissolved in 8 ml. 
of one phase and placed in the 0 tube of the machine. The phases were 
equilibrated by rocking the apparatus 2 minutes and were allowed to sepa- 
rate for 2 minutes before each movement of the upper half of the machine 
to a new position. 

Although it would have been desirable to displace all of the streptomycin 
in each tube into the lower layer so that the maltol analysis of the aqueous 
phase would reveal the total material in each tube, this did not prove prac- 
ticable. It was possible, however, by the addition to the upper layer of 
one-half its volume of benzene to displace 26 to 30 per cent of the strepto- 
mycin contained in the butanol into the aqueous phase. This. was checked 
experimentally at the time the distribution constants were measured and 
Table II lists the per cent of streptomycin recovered when a solution in the 
lower phase was shaken with an equal volume of upper layer and half the 
volume of benzene. 

The variations in A values listed for the lower streptomycin concentra- 
tions in Table IT are attributable to the fact that the constant was computed 
from the formulak = (Cy — C,4)/(Ca) where Cp, and Cy, represent the con- 
centrations of streptomycin in the lower phase before and after shaking with 
an equal volume of the upper. Errors in determining concentration thus 
enter the computation twice and are magnified in the value for A. The 
partition coefficient calculated by the method of Williamson and Craig (12) 
from the distribution curves with the 5 per cent toluenesulfonic acid system 
averaged 0.97 in runs made over 2 period of some months, the most extreme 
variations being from 0.92 to 1.05. 

Recoveries of streptomycin from the distribution apparatus were calcu- 
lated by summation of the AY values from each tube. These were usually 
between 75 and 80 per cent in agreement with Table I]. In extreme cases 
in Which most of the streptomycin was present as the modification with 
high partition coefficient (c.g. Curve C, Fig. 4) the recoveries were lower, 
68 to 70 per cent, as would be expected from the fact that most of the mate- 
rial in the higher numbered tubes is contained in the upper phases, so that 
the benzene treatment displaces a smaller proportion of the total into the 
lower lavers. The same reasoning accounts for the higher recoveries of 
80) to S2 per cent at the other extreme (¢.g. Curve ID, Fig. 1), where most 
of the streptomycin is concentrated in the fractions of lower K. 

Because of the phenomena herein described the A values in the 3 per 
cent system could not be caleulated as precisely from the curves, but the 
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best estimates were from 0.49 to 0.55 at room temperature (21 + 2°), and 
from 0.29 to 0.39 at 5°. 

Chromatography of Crude Matertal—Through a column 3.2 cm. in diam- 
eter containing 460 gm. of alumina was passed a solution of 10 gm. of strep- 
tomycin (450 units per mg.) in 100 ml. of methanol. 80 ml. fractions were 
collected and the solvent removed in vacuo. The residues were taken up 
in 10 ml. of water, filtered, and lvophilized. Table IT] summarizes a typical 
experiment. In order to indicate the changing proportions of the forms 
with low and high partition coefficients, the final column ot Table TTT lists 
the ratio of material appearing in Tubes 0 to 17 to that found in Tubes 18 


TABLE III 


Chromatography of Crude Streptomycins 


Ratio of material in 


Fraction Weight Biopotency Tubes 1-17 
Tubes 18-24 
gm. 
A 0.2160 445 
B 0.3186 2.08 
> 0.3862 503 
D 0.3559 
1) 262S Al2 
F 0.2758 
0.4701 53s 
H 0.3616 
I 0.3682 392 
J 0.2917 
K 2040 373 
0.2219 10.6) 


to 24 when these chromatographic fractions were distributed in butanol 
and 5 per cent toluenesulfonie acid. 

Attempted Isolation of Material of High K- A 40 mg. sample of an early 
chromatographic fraction was distributed as described in a 5 per cent tolu- 
enesulfonic acid system. The lower layers, after the conversion to maltol, 
were diluted 1:5 with 0.1 N NaOH to obtain the AJ) values plotted in Curve 
A, Fig. 2. 

In order to duplicate this run with 40-told quantities of streptomycin and 
solvents, the distribution was made in a series of | liter separatory tunnels, 
as described elsewhere (9). Since after ench equilibration in separatory tun- 
nels the lower layer is transferred to the next funnel, those substances of 
lowest partition coefficient are carried farthest along the line of ftiumnels. 
This is the reverse of the situation in the Craig apparatus, where the upper 
laver moves. The two techniques give identical curves if the order of num- 
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bering the tubes is reversed. For this reason, the funnel to which the sam- 
ple was added and in which the first equilibration occurred was Tube 24 and 
succeeding funnels were numbered in descending order. Since only the 
fractions of the higher distribution constant were desired, it was necessary 
to set up but three funnels, Tubes 24 to 22. Each contained 320 ml. of the 
upper layer. The sample was added to Tube 24 and equilibrated, and the 
lower layer drawn into Tube 23. ‘The fresh lower layer was then added to 
Tube 24 and both vessels were shaken. ‘The lower phase of Tube 22 was 
then drawn into Tube 22, that from Tube 24 into Tube 23, ete., the process 
being repeated until Tubes 24, 23, and 22 had had 24, 23, and 22 equilibra- 
tions respectively. The lower phase from Tube 22 was drawn off and 
discarded at each step. The contents of Tube 22 were shaken with 
benzene as usual, and the lower layers withdrawn, titrated to pH 6 to 7 
with Ba(OH)., and freeze-dried. The residues were broken up in 15 ml. of 
dry methanol, shaken vigorously, and centrifuged. The supernatant was 
removed and the residue again extracted with 10 ml. of methanol. 

The combined methanol solutions were evaporated to dryness, and the 
residue extracted as before with 1.0 and 0.5 ml. portions of methanol. 
Evaporation of the solvent left a residue weighing 36.6 mg. Over-all re- 
covery of the streptomycin originally in the lower layer was 66 per cent, 
based on analyses of each fraction by conversion to maltol. 20.9 mg. of 
the material were distributed with 5 per cent toluenesulfonie acid (Curve B, 
Fig. 2). 


The authors wish to acknowledge the assistance of Mr. Edward Paredes 
in the chromatographic separations and of Miss Antonine Hoffmann, Mr. 
Stanley Ulick, and Mr. Robert Matusow in the counter-current distribu- 
tions. 


SUMMARY 


Kvidence obtained by counter-current distribution indicates that strep- 
tomycin exists as a mixture of tautomeric modifications, the relative propor- 
tions of which depend upon pH. The tautomers are at least partially sep- 
arable by chromatography. 
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(From the Agricultural Experiment Station and the School of Nutrition, 
Cornell University, Ithaca) 


(Received for publication, January 23, 1948) 


Unknown growth factors have been reported for several lactobacilli. 
Cheldelin and Riggs (1) stated that Lactobacillus gayonit 8289 requires a 
factor in Wilson’s liver fraction L for growth on a casein hydrolysate 
medium containing norit and Lloyd’s reagent filtrates of peptone and yeast 
extract. Metealf, Hucker, and Carpenter (2) found a growth factor present 
in several vegetable juices, including carrot, beet, onion, cabbage, and 
tomato juice. This was a heat-stable factor which caused a stimulation of 
acid production by certain lactobacilli. NKuiken, Norman, Lyman, Hale, 
and Blotter (3) reported an unknown factor in tomato Juice necessary for 
the growth of Lactobacillus arabinosus. This substance was adsorbed by 
norit. Shorb (4, 5) reported an unidentified growth factor for Lactobacillus 
lactis Dorner in refined liver extracts used in treating pernicious anemia, 
and one in clarified tomato juice. Both of these factors were required for 
optimum growth of this organism. The liver factor was found to be con- 
centrated in the refined extracts in practically a linear relationship to the 
potency of their antianemic activity. 

Tomato juice has been known to contain a factor or factors needed for the 
optimum growth of many microorganisms. Grossowicz (6) in 1942 re- 
ported that tomato juice contained a new factor, adsorbable on norit, which 
produced good growth of Streptococcus hemolyticus, type A. 

Woolley (7) reported the existence of an unknown growth factor in liver 
for hemolytic streptococci, and later Sprince and Woolley (8) found it to be 
necessary for the growth of Lactobacillus caset. The active material, which 
they named strepogenin, was found in largest amounts in crystalline insulin, 
trypsinogen, trypsin, and casein (9). On a medium containing casein 
hydrolysate that had been hydrolyzed with H.SO,; to destroy the strep- 


* This work was undertaken in cooperation with the Office of Naval Research, 
Navy Department, Washington, D.C., and was aided by grants to Cornell University 
by the Cerophyl Laboratories, Ine., Kansas City, Missouri, the Nutrition Founda- 
tion, Ine., New York, and the Western Condensing Company, San Francisco, Califor- 
mia. This work was conducted in the Nutrition Laboratories of the Department of 
Poultry Husbandry 
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ogenin activity, Lactobacillus casei would grow when strepogenin concen- 
trates were added as the only supplement. 

Scott, Norris, and Heuser (10) found that two unknown factors were re- 
quired for the growth of Lactobacillus caset. One of these factors Was usually 
associated with products of animal origin, and the other was present in the 
Darco filtrate of tryptone. The unadsorbable factor was referred to as 
strepogenin, although, contrary to the work of Woolley, this substance, when 
udded to a casein hydrolysate basal medium, did not promote growth. 
Only in the presence of the so called “animal protein factor” did maximum 
growth occur. Scott, Norris, und Heuser (11) have correlated tactor s 
activity of several feedstuffs for the chick with their strepogenin activity 
for Lactobacillus casei. ‘Their results demonstrate that the same activity is 
being measured by the microorganism and the chick. 

In view of these findings and recent work by Nichol, Robblee, Cravens, 
and Elvehjem (12) on the effect of liver extract on the growth of chicks, a 
study was made to determine the response of Lactobacillus casei to liver 
extract and tomato juice. 


EXPERIMENTAL 


Culture-—The culture of Lactobacillus caset was obtained from the Amer- 
ican Type Culture Collection. It was maintained in stab culture in a 
medium containing liver, glucose, yeast, tryptone, and agar, the compo- 
sition of which is described by Nymon, Gunsalus, and Gortner (13). 
Weekly transfers were made through broth cultures of the same composi- 
tion, except for the omission of agar. 

The inoculum tubes were prepared by adding tryptone (adsorbed } hour 
with an equal weight of Darco G-60) at a level of 25 mg. per tube to the 
basal medium. The organism was grown for 18 to 24 hours in this inoculum 
tube at 37°. It was then transferred to a sterile centrifuge tube and centri- 
fuged for 15 minutes at approximately 2500 r.p.m. The medium was dis- 
carded and the organisms were resuspended in sterile saline, and diluted 
until a reading of between 60 and 70 was obtained on the galvanometer of 
a Coleman spectrophotometer set at a wave-length of 650 mu. One loopful 
of this suspension was used to inoculate each assay tube. 

Medium Used ~An amino acid mixture was used as the nitrogen source in 
the medium instead of casein hydrolysate. The amino acids used (and the 
amounts of each) were the same as those given in the report by Stokes, 
(gunness, Dwyer, and Caswell (14) for Streptococcus faecalis. This mixture 
contained al] sixteen amino acids shown by Hutchings and Peterson (15) to 
be needed by Lactobacillus casei, and in addition glycine, proline, hydroxy- 
proline, and norleucine. The other constituents of the medium were the 
same as those reported by Scott, Norris, and Heuser (10) with one ex- 
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ception. ‘Lhe pyridoxal was added to the medium betore sterilization at a 
level of LO y per tube. The assay tubes were steamed for 15 minutes, cooled 
to 35-40°, and inoculated. They were incubated at 37° for 16 to 18 hours. 
At the end of this time the turbidity of the suspensions was read in a 
Coleman spectrophotometer at a wave-length of 650 mu. 

Strepogenin Concentrate from Casein-—The source of strepogenin used in 
this study was a concentrate made from Labco or Difco vitamin-free casein 
by the method of Sprince and Woolley (9) as modified by Seott.’ It was 
prepared as follows: | liter of distilled water was added to 100 gm. of casein. 
(In the case of Labco cusein the suspension was steamed 3 minutes and 
cooled.) The pli was adjusted to 8.0 with NaOH. 2 gm. of trypsin 
(Pfanstiehl) were added to the mixture, which was covered well with 
toluene, and allowed to digest at 37° for 20 hours. It was necessary to 
adjust the pl] several times in order to keep it at 8. After 20 hours the pH 
was changed to 7.0 and the insoluble material was filtered off. 50 gm. of 
lead acetate were added and the resulting precipitate was removed by filtra- 
tion. ‘The pif was then adjusted to 9.5 and another precipitate filtered off. 
The filtrate was saturated with H.S and the PbS was removed by filtration. 
The filtrate was concentrated under a vacuum until all of the H.S was re- 
moved. At this point the activity of the strepogenin concentrate was 
tested with Lactobacillus caser. Tf growth occurred when the strepogenin 
concentrate was added to the basal medium, the concentrate was treated 
with an equal weight of norit for 4 hour, or until no growth occurred when 
it was the only supplement to the medium. 

Liver Extracts The liver extracts tested were crude and refined prepa- 
rations used in the treatment of pernicious anemia. Six different extracts 
containing 15 U.S. P. units per ml. were studied, along with one each of 2, 
5, and 10 U.S. P. units per ml. All of the original preparations were se- 
cured from a local pharmacy. When a larger amount of one extract was 
needed, it was supplied by the manufacturer directly. 

Tomala Juice— Vive samples of canned tomato juice were purchased on 
the open market early in October. Each was filtered through No. 44 
Whatman filter paper on a Bichner funnel with the aid of Celite filter aid. 
The resulting solutions were yellow in color. Part of each solution was 
adsorbed with norit at the natural pH of the serum (4.0 to 4.2) for 3 hour 
(5 em. of norit per 200 ml. of serum) and filtered to remove the charcoal. 
The resulting solution was colorless. 


RESULTS AND DISCUSSION 


ln the tirst study, varying levels of strepogenin were added to increasing 
levels of liver extract. The results of this study are presented in Table I. 


scott ML. unpublished data, Cornell University, Ithaea, New York. 
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When strepogenin or liver extract was added alone to the basal medium, 
no growth occurred. However, the addition of both together resulted in 
maximum growth. It is evident that strepogenin equivalent to 25 mg. of 
original casein per tube was enough to supply the strepogenin requirement 
of Lactobacillus casei in this case. It was necessary to establish this level 
for each new strepogenin preparation. Different batches of the liver ex- 
tract gave relatively uniform responses. 

It is evident that a clear cut differentiation in factors has been obtained. 
The unadsorbed activity in trypsin-digested casein, which is not precipi- 
TABLE | 
Effect of Strepogenin and Liver Extract on Growth of Lactobacillus casei 


17 hour incubation. 


Strepogenin® APFt Gals anometer reading} 
mg. per tube until per tube 
0 14) 
0 0.4 
50 
10) 
10 0.2 40) 
10 0.3 26 
10 23 
29 0.1 40) 
25 0.2 20 
20 0.3 17 
20 0.4 16 
50 
0.2 24 
0.3 14 
j Ld 


* Strepogenin concentrate from Labco vitamin-free casein 
+ Lilly’s antipernicious anemia extract, 15 units per ml. 
t A galvanometer reading of 100 represents no growth. 


tated by lead, is identified as strepogenin. The activity present in the liver 
extract shall henceforth be called “animal protein faetor’? (APE) since un- 
published data? indicate that this activity is correlated with the response 
of the chicks fed an all vegetable diet to preparations of the animal protem 
factor. 

Having established the fact that liver extracts contain « growth tactor for 
Lactobacillus casei, it was considered advisable to test the activity of differ- 
ent liver preparations. Eight more extracts were assayed for APF activity 
with strepogenin in the medium at a level equivalent to 25 mg. of original 
casein per tube. The results of this study are presented in Table TI 


?Combs, G. F., unpublished data, Cornell University. 
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TABLE Il 


Response of Lactobacillus casei tou Various Liver Extracts in Presence of Strepogenin* 


1S hour incubation. 


APE 


None 
Lilly, 15 units per ml.§ 


Sample A,j|| 5 units per ml. 


i. 


F, 15 
G, 15 
H, 10 


Level, units 
per tube 


0.05 
0.10 
0.20 


Galvanometer 
readingt 


100 
27 
12 
10 
48 
20 
16 


65 
47 


q 


Activity index} 


100 


34 


14 


6 


* Strepogenin concentrate from Labco vitamin-free casein at the level of 50 mg. 


per tube. 
+ A galvanometer reading of 100 represents no growth. 
t The activity index has been obtained by comparing the activity of APF with the 
activity of Lilly’s extract, which has been assigned a value of 100. 
§ Potency of extracts as purchased. 
|| Extracts from different pharmaceutical companies. 


0.30 
0.10 
U.2U 
0.30 
0.40 
0.20 4] 
0.30 20 
0.40 13 
0.25 39 25 
0.50 21 
0.75 16 | 
1.00 1] 
0.50 17 
0.75 26 
1.00 
0.50 5S 
0.75 33 
1.00 2] 
0.50 7 
23 
14 
50 7s 
00 
29 
14 
OO 
‘a 
| 
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It is evident from the data that there are great differences in the re- 
sponse of Lactobacillus caset to these nine liver extracts. The variations 
obtained do not seem to be related to the degree of refinement of the prepa- 
ration, since the most active preparation had a concentration of 15 units of 
untipernicious anemia factor per ml., and three of the least active extracts 
had the same concentration. A crude sample (D) had an intermediate 
activity. According to the United States Pharmacopeir NITE (16) the 
U.S. P. unit of antipernicious anemia activity is an amount of product 
which, when administered daily, produces clinical and hematological re- 
sponses in Addisonian pernicious anemia sas judged by the Advisory Board 
to be satisfactory. Any standardization made with human patients is 
subject to some variation, but it is hardly likely that such wide differences 
in liver extracts would be caused by variations in standardization. “There 
fore, it would seem impossible that this APF activity for Lactobacillus case 
is identical with the factor required in the treatment of pernicious anemia 
Hlowever, there is a strong possibility that Lactobacillus casey requires two 
factors. One of these may be identical with the antipernicious anemia 
factor and the other present in varving amounts in the different. liver 
extracts. 

In the study with tomato Juice the untreated serum was added to the 
basal medium, and the adsorbed serum was added to the medium alone and 
in combination with liver extract. The results of this study are presented 
in Pable ITT. 

It is evident trom the data that there are two factors present in filtered 
tomato juice. One of these is rather easily adsorbed by norit and is prob 
ably the same as the growth-promoting factor (APE) present in liver ex 
tracts. The factor that is not readily adsorbed by charcoal when added 
with liver extract produces i response in Laclobacilhis caset that is similar 
to the etfeet of strepogenin. 

In order to investigate the relationship between the strepogenin concen 
trate from casei and adsorbed tomato juice, a study was made with these 
two preparations with graded levels of liver extracts. The results of this 
study are presented in Table TV. 

The tactor that is not adsorbed from tomato juice by norit under these 
conditions has the same growth-promoting activity as the strepogenin con 
eentrate made from casein. This would indicate that the substance im 
tomato juice is either identical to strepogenin from casein or very simila 
to it. 

Since these studies have been performed, several samples of Couto juice 
have been found to contain considerably less of the “animal protein factor.” 
These cons have been stunding ul the shelves tor several and it ts 
possible that loss of this activity has occurred, due to instability. ‘There 
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was no difference in this respect. between tomato juice canned in metal and 
that canned in glass. 
The results of these studies demonstrate that there are two or possibly 


TaBLeE III 
Growth Response of Lactobacillus casei to Tomato Juice and Liver Extract 
18 hour incubation. 


Galvan- Galvau- 
Supplement Level — Supplement | 
ing*® ,  ing* 
mi. 
None 100 Tomato juice, Sample B «90 
| (adsorbed) 
Tomato juice, Sample At ! | 25 APF (0.5 unit) + tomato ee ae | 
2 9 juice, Sample B (ad- 2 10 
22 Tomato juice, Sample 4 
(adsorbed) 
3 4 APF (0.5 unit) + tomato | iS 
20 juice, Sample C (ad-— 2 10 
2 sorbed 5 
1) l 37 | Tomato juice, Sample D Q] 
2 23 | (adsorbed) 
3 17 APF (0.5 unit) + tomato 1 17 
4 7 juice, Sample D (ad- 2 11 
sorbed) 3 9 
23. Tomato juice, Sample E 
2 10 (adsorbed) 
3 S APF (0.5 unit) + tomato l 31 
wns juice, Sample FE 2 Is 
LPF? 0.5 ay sorbed) 3 
Tomato juice, Sample (ad 97 
sorbed 
APF (0.5 unit tomato 
juice, Sample A (adsorbed 4 
3 


* A yalvanometer reading of 100 represents no growth. 
t Filtered tomato juice of five different brands. 

t 15 units per ml. of Lillw’s liver extract. 

$ Serum adsorbed 4 hour with norit (5 gm. per 200 ml.) 


three unidentified factors necessary for the growth ot Lactobacillus casez. 
One of these is strepogenin and the other is a factor or factors associated 
with animal proteins and found in high concentration in certain liver ex- 
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tracts used for the treatment of pernicious anemia. In the work of Sprince 
and Woolley (8) with Lactobacillus case? the casein hydrolysate used in the 
basal medium may have contained sufficient APF activity for the organism, 
(in the other hand, it is possible that their trypsin-digested strepogenin 
concentrates supplied this activity, since we have found trypsin to be an 
excellent source of APF. It is possible that the factors of Cheldelin and 
Riggs (1), Grossowiez (6), and WKuiken ef al. (3) are the same as the liver 
factors reported here. There is little doubt that the factors required by 
Lactobacillus lactis Dorner, as described by Shorb (4, 5), are identical with 
strepogenin and APF. The question of whether each of these activities is 


TaBLe IV 


Comparison of Strepogenin Concentrate from Casein and Adsorbed Tomato Juice As 
Growth Factor for Lactobacillus casei 


Galvanometer 


Supplement Level) 

None 100 
APFTt 0.4 unit 90 
Tomato juice (adsorbed) 4 ml. 96 
Strepogenin concentrate§ 5O mg. 96 
sag - (50 mg.) + APF 0.1 unit 4) 
24 

19 

15 

‘Tomato juice (adsorbed) (4 ml.) + APF a: 49 
2b 

IS 

0.4 12 


* A galvanometer reading of 100 represents no growth 

t 15 units per ml. of Lilly’s liver extract. 

t Tomato juice serum adsorbed } hour with norit (5 gm. per 200 mi. 
§ Strepogenin concentrate from Labeo vitamin-free casein. 


represented by a single factor is not known. ‘This problem is now under 
investigation in this laboratory. 


SUMMARY 


Studies have been conducted showing that Lactobacillus caset requires a 
factor or factors (APF) present in antipernicious anemia liver extracts, in 
addition to strepogenin, for maximum growth. Wide variations were found 
in the amount of factor (or factors) present in liver extracts, which is not 
attributable to differences in their antipernicious anemia activity. These 
differences may result from the presence of the growth factor as a contam- 
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inant of the antipernicious anemia preparations, or from the existence of 
two factors In varving amounts in the several liver extracts. 

Tomato juice, shortly after the canning season, contained all of the 
unidentified growth factors for Lactobacillus casei in rather large amounts. 
Adsorption of tomato Juice by norit removed the APF activity, but did not 
alter the strepogenin activity which was recovered in the filtrate. The 
API activity in tomato juice decreased as the age of the canned product 
increased, whereas the strepogenin activity of the tomato juice was unal- 
tered. 


The authors wish to thank Dr. A. Lee Caldwell of Ei Lilly and Company, 
Indianapolis, Indiana, for supplying a quantity of liver extract. 
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Within the last vear several investigations on the uptake of labeled 
amine acids by the proteins of tissue slices have been deseribed in the litera- 
ture. Phis incorporation has been used to indicate the synthesis of new 
protein, and the technique developed has made it possible to study the 
elleets of Various conditions and substances on the synthesis of peptide 
bonds. Lhus Melehior and Parver (1) have tollowed the uptake of radio- 
sulfur, introduced in the form of methionine labeled with S*, by liver slices, 
and have found that the incorporation into protein is abolished by homog- 
enizing the tissue. “Phis has been verified in intestinal sections by Win- 
nick, Gareenberg, and Friedberg (2), who have shown further that azide ion 
isinhibitoryv.  krantz, Lofttield, and Miller (3), in turn, have demonstrated 
that protein synthesis in liver slices requires the presence of oxygen. | 

One disadvantage to the use of tissue slices is the considerable spread of 
results usually observed, due to differences between individual slices.  Fur- 
thermore, in the tise of methionine to measure protein synthesis in liver, 
the procedure is complicated by the rapid production of labeled cystine or 
eysteme by the tissue (1). The use of bacteria has suggested itself as a 
means of overcoming the tirst difficulty, since the presence of several billions 
of organisms would tend to minimize individual variations. Since it has 
been found, i addition, that non-proliferating Escherichia colt converts less 
than 4 per cent of the labeled methionine to cystine or cysteine, and none, 
Within expermmental error, to sulfate, the use of microorganisms has seemed 
especially promising for studving the synthesis of peptide bonds as isolated 
Irom the more complex process of growth. 


ENPRERIMENTAL 


Phe Aescherwhia coli cells used in these experiments were grown for IS 
hours on Bacto-nutrient agar. ‘They were washed off the agar slants with 
nornil saline, washed three times with saline at the centrifuge, then resus- 
pended in saline, precautions to maintain sterile conditions being observed 
throughout. The suspensions were pipetted into centrifuge tubes contain- 
ing the labeled methionine and the other substances being investigated, 
and the tubes were incubated for 6 hours at 87°. Turbidity was measured 
at the beginning and end of each experiment by a Hellige-Diller photo- 
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electric colorimeter. The original transmission of light was usually be- 
tween 60 and 70 per cent and there was generally an increase of 2 to 3 per 
cent during the incubation; 2.¢., the number of cells present always de- 
creased during these experiments. No attempt was made to keep the 
original turbidity constant in different experiments, since controls were 
run with each experiment. The suspensions contained about 15 mg. of 
dry weight of bacteria. 

At the end of the experiment the tubes were heated to LOO” for 20 min- 
utes. The cougulated cells were centrifuged and washed four times with 
an acetate buffer of pH 5.4. The first wash was permitted to stand over- 
night to insure removal of any adsorbed methionine. The preparation of 
samples for analysis has been described by Melchior and Tarver (1). Car- 
rier sulfate was added to make a total precipitate of 0.026 mM. The radio- 
activity was determined with a Lauritsen electroscope modified in the 
manner described by Henriques, Kistiakowsky, Margnetti, and Schneider 
(4). 

The penicillin G was a purified sample with a potency of 16380 units per 
meg. 

RESULTS AND DISCUSSION 

It has been found that a suspension of Escherichia coli incubated with 
labeled) methionine incorporates a small but significant amount of 
the labeled sulfur into the bacterial proteins. A typical experiment is 
shown in Table I. The number of bacteria present is expressed as 100 
minus per cent transmission of light, which is directly proportional to the 
turbidity. About 0.7 per cent of the original activity is found present in 
the proteins, although there is a net decrease in turbidity and hence in the 
number of microorganisms. 

It was necessary at the outset to make certain that the uptake of labeled 
sulfur represents a true synthesis of protein rather than an adsorption 
phenomenon. Hence one of the bacterial suspensions was transferred to a 
dialvsis bag at the end of the incubation and dialyzed for 42 hours against 
running tap water. A control sample was handled as described above. 
The results of this experiment are recorded in Table Il. Though there was 
a decrense in the labeling of the bacteria upon dialysis, the major portion 
of the activity was not dialyzable. Furthermore, heating the bacteria to 
100° completely stops the uptake of radioactivity by the protein. The 
reaction is also stopped by small amounts of certain inhibitors, as will be 
described later. Hence the uptake of activity by the bacteria is an enzy- 
matic process whereby the amino acid methionine is firmly attached to large 
molecules, and this technique can be used as a measure of the amount of 
protein synthesis occurring during the experiment. 
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Liject of Asparagine, Glucose, and Glycine ‘The control samples in Table 
[1] show that less than | per cent of the methionine added as a substrate 
Was Incorporated into protein by the resting bacteria. Various substances, 
including nitrogen, phosphorus, and carbon sources, were added, therefore, 
in an attempt to increase the synthesis. Asparagine, which is a growth 
factor of Escherichia coli, was tound to cause a definite increase in the incor- 
poration of methionine. ‘VLhat this effect is not simply due to the addition 
of a carbon or nitrogen source is shown by the observation that glycine 


TABLE I 
( ptake of Methionine by Non-Proliferating Bacteria 
Washed Escherichia coli suspended in 50 mil. of saline. Incubated 6 hours at 37°. 
4.0 micromoles of labeled methionine added. 


Original turbidity* Final turbidity* Labeled S found in proteins 


micromoles 102 
14 37 2.9 
14.5 37.9 2.9 


* 100 minus per cent transmission of light. 


TABLE Il 
Test of Enzymatic Nature of Uptake 
Washed Escherichia colt suspended in 50 ml. of saline containing 200 mg. per cent 
of asparagine. Inecubated 6 hours at 37°. 


Labeled methionine Labeled S found in 


Conditions added proteins 
micromoles micromoles X 10? 
Control.... 9.4 5.8 
Dialyzed 42 hrs. 9.4 4.4 
Control. ... 3.0 4.1] 
Boiled before tmeubation | 3.0 0.0 


eauses amuch smaller increase. Glucose not only failed to increase protein 
synthesis, but caused a definite decrease of about 40 per cent. Thus glu- 
cose alone does not support protein synthesis; in fact, when the cells are 
metabolizing glucose there is a decrease in the production of protein. These 
data are not sufficiently complete to attribute the stimulation exhibited by 
asparagine to a specific effeet of the growth factor, but it is apparently not 
due simply to its carbon or nitrogen content. 

Effect of Azide, Cyanide, and Fluoride As is recorded in Table IV, azide, 
eyanide, and fluoride ions markedly inhibit protein synthesis in our system. 
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Azide and cyanide are known to inhibit enzymes containing iron porphyrin 
groups such as cytochrome oxidase and catalase. It is pertinent to point 
out that Frantz, Loftfield, and Miller (3) have found that protein synthesis 


TABLE III 
Effect of Asparagine, Glycine, and Glucose 
Washed Escherichia coli suspended in 50 ml. of saline. Ineubated 6 hours at 37° 


TOMO! Cs micromoles 
None. 4.0 2.9 
100 mg. asparagine. | | 1.0 4.1 
100“ | 4.0 1.3 

| 

None. | 1.0 2.2 
100 ing. asparagine. 1.0 2.9 
100 * | 1.0 3.2 
100 glucose. 4.0 1.4 
1.0 1.3 
100 ‘* glycine 4.0 2.5 
100 ** 1.0) 2.4 
None. 3.4 1.5 
100 mg. glucose. 5.4 


100 asparagine. 2.8 


TABLE IV 
Kffect of Inhibitors 


Washed Escherichia coli suspended in 50 ml. of saline containing 200 mg. percent 
of asparagine. Incubated 6 hours at 37°. 2.2 micromoles of labeled methionine 


added. 
Labeled S Labeled 5 
Inbibitor found Inhibitor round 
in proteins in proteins 
micromoles | miromole 
x ig: x lus 
None 1.3 6.7 107? mM NaCN U.0 
5 X 10-3 NaN; 0.0 mu Nal 0.0 
0.1 


0.1 0. 


in liver is dependent upon a supply of oxygen, and thus it is possible that 
the synthesis of peptide bonds is directly coupled with an energy-yielding 
oxidation. Lipmann (5) has suggested that the energy for protein synthe- 


| 
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sis may be supplied by adenosine triphosphate (ATP), as has proved to be 
the case in many other endergonic biosyntheses (5-7). Thus ATP may 
react to form an amino acid phosphate and adenosine diphosphate (ADP), 
and the amino acid phosphate may then couple with another amino acid 
to form a peptide and the net reaction being 


ATP + 2 amino acid = ADP + HsPO, + dipeptide 


Since the hydrolysis of AVP is accompanied by « tree energy change 
of about — 12.000 calories per mole and the energy required for the synthesis 
of a peptide bond is probably around 38000 calories per mole (8), such a 
mechanism would provide the necessary drive for the synthesis of protein. 
In tact, Borsook and Dubnotf (9) have presented evidence that such a 
mechanism is responsible for the biosynthesis of the peptide hippurie acid 
by liver homogenates. 

We have observed that LO-®? wm ATP causes a small increase in protein 
synthesis in our system, but the results were not outside of experimental 
error. However, the inhibition by azide and cyanide is support for this 
mechanism. In line with this point of view one may attribute the inhibi- 
tion exhibited by glucose to the large excess of glucose acting as a phosphate 
acceptor and thereby draining the supply of high energy phosphates. 
Such would be the case if glucose were being converted to glycogen rather 
than undergoing oxidation to pyruvate. Certainly this aspect of protein 
synthesis ts worthy of further investigation. 

Fluoride usually inhibits enzymes which are activated by calcium or mag- 
nesium. The inhibition exhibited by this substance calls attention to the 
fact that when the Escherichia coli cells are washed and resuspended in 
saline the salt content is probably decreased below normal by diffusi 1 into 
the medium. It would be of interest to examine the effeets of varic is im- 
portant salts on the synthesis of protein. 

Mifect of Penicillin G--Penieillin G was found to have a marked effect 
on the growth of heavy suspensions of Escherichia coli in a complete syn- 
thetic medium (10). Typical growth curves ure shown tn Fig. 1. In the 
presence of penicillin, after a slight initial growth there is a marked decrease 
in the number of cells present. The dotted line shows the “growth” curve 
for a saline suspension with or without penicillin. The striking effect of 
penicillin on the number of bacteria was not detected in the non-growing 


system. 

Table V shows the effect of penicillin on protein synthesis. A small and 
barely significant deerease, of the order of 12 per cent, was observed in the 
uptake of methionine. These results indicate that penicillin must exert 
its elfect on some aspect of growth other than protein synthesis, at least as 
indieated by the incorporation of methionine. 
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Effect of Sulfanilamide--In a heavy suspension such as was used in this 
work, it was difficult to demonstrate any effect of sulfanilamide on growth, 
Furthermore it must be considered that methionine is one of the substances 
which antagonizes sulfanilamide. Fig. 2 shows that 300 mg. per cent of 
sulfanilamide will inhibit the growth of such a suspension, although not 
completely, and that methionine in the concentration used partially re- 
verses this effect. As is illustrated by Table VI, 300 mg. per cent of sul- 
fanilamide cause a roughly equivalent inhibition of protein synthesis in 
the non-growing bacteria of between 20 and 40 per cent, an amount suffi- 
cient to account for its effectiveness as a bacteriostatic agent under these 


conditions. 
TURBIDITY 
CONTROL 
|GROWTH OF E. COLI] A+ METH. 
TURBIDITY 
CONTROL 
$o 
RESTING 
BACTERIA . 
2 PENICILLIN G o 
HOURS 
Fic. 1 Fic. 2 


Fic. 1. Effect of crystalline penicillin G on the growth of Escherichia coli in a 
nutrient medium. The dotted line shows ‘‘growth’’ in saline suspension, with or 
without penicillin. 

Fic. 2. Effect of sulfanilamide and of methionine + sulfanilamide on the growth 
of Escherichia coli in a nutrient medium. 


If this is the mechanism of action of sulfanilamide, however, p-amino- 
benzoic acid (PAB) should reverse the inhibition of protein synthesis, since 
it causes a complete reversal of the effect of sulfanilamide on growth in the 
complete nytrient medium. For example, 6 mg. per cent of PAB added to 
the sulfanilamide-inhibited culture in Fig. 2 give « curve closely following 
the normal control. However, PAB in these concentrations in the saline 
suspensions proved to exert a definite inhibition on the synthesis of pro- 
tein, and when added simultaneously with sulfanilamide, the inhibition of 
protein synthesis was much greater than with sulfanilamide alone. 

A similar result has been reported by Clifton and Loewinger (11), who 
have found that the oxygen uptake of washed Escherichia coli in the pres- 
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ence of glucose or amine acids is inhibited by sulfanilamide. They were 
unable to reverse this effeet with PAB, and report in fact that PAB was 
inhibitory itself, 

Thus the inability of PAB to reverse the effect of sulfanilamide on protein 
synthesis would indieate, at first glance, that this step is not the one which 


\ 
of Pentetllin on Protein Synthesis 


Preparation as in Table IV. 4.0 mieromoles of labeled methionine added. 
Inhibitor Labeled S found in proteins 


micromoles 12 


None 2.9 
a2 
lO mg. penicillin 2.3 
2.6 
Tarte VI 
iffect of Sulfanilamide and p-Aminobenzoiec Acid 
ee Labeled methionine Labeled § found in 
added proteins 
micromoles mete romoles 
None 3.0 
3.9 
300 mg. Sulfanilamide 
None. 5.4 2.4 
5.4 aia 
300 mg. ©, sulfanilamide 5.4 2.0 
+ 6 mg. PAB. 1.0 
Vone 5.4 10 
Hime. PAB 5.7 


the sulfonamides block in the growth process. However, it is necessary to 
recognize the difference between non-proliferating washed cells in a saline 
suspension and the growing microorganisms ina nutrient medium. In the 
latter sittuition, PAB is probably converted to another metabolite, such as 


a pterore acid derivative, in which form it counteracts the effect of the sul- 


. 
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fonamide. The saline suspensions may be unable to convert it to the re- 
quired metabolite, and it is possible that PAB is itself inhibitory. Until the 
role of PAB is clarified, it is not possible to say that the inhibition of protein 
synthesis exhibited by sulfanilamide is also the essential step in its bacterio- 
static action. 


SUMMARY 


It has been demonstrated that washed cells of Escherichia coli incorporate 
methionine labeled with S®*® into non-dialyzable molecules by an enzymatic 
reaction. ‘This synthesis of protein occurs despite a net decrease in the 
number of cells present. 

The growth factor asparagine has been shown to increase the synthesis. 
Glycine exhibits a much smaller increase, and glucose causes a definite 
inhibition. 

Azide, cyanide, and fluoride inhibit protein synthesis markedly. 

Penicillin G shows a very small inhibition, insufficient to explain its 
striking effect on the growth of Escherichia coli at corresponding concentra- 
tions. 

Sulfanilamide causes an inhibition of protein synthesis in this system to 
a degree approximately equal to its effect on growth. However, the addi- 
tion of p-aminobenzoic acid does not reverse the inhibition of protein syn- 
thesis in saline suspensions contrary to its effect on growth in nutrient 
media. In fact, p-aminobenzoic acid is itself inhibitory to protein synthesis 
in the non-growing system. 


We are indebted to Dr. Harold Tarver for the labeled methionine used in 
this investigation, and to Dr. D. W. MacCorquodale of the Abbott Labora- 
tories for a gift of the penicillin G. 

This investigation was supported in part by a grant from the Office of 
Naval Research. 
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Lipmann, Kaplan, Novelli, Tuttle, and Guirard (1) reported that, 
whereas concentrates of the coenzyme required for acetylation (coenzyme 
A) showed no pantothenic acid activity by the ordinary microbiological 
assay, considerable amounts of 6-alanine were found after acid hydrolysis. 
From this early observation, it was suspected that the coenzyme might con- 
tain combined pantothenic acid which was unavailable to Lactobacillus 
casei. If such were the case, it seemed likely that chicks or other animals 
would be able to utilize this pantothenic acid; the animal would presumably 
have the mechanism for both the decomposition to, and the synthesis from, 
the constituent parts. An early trial yielded promising results, but, before 
sufficient material was available for adequate study, the above authors 
clearly demonstrated by other means that pantothenic acid was a constit- 
uent of the coenzyme (1). 

Lipmann, Kaplan, and Novelli (2) have shown that the pantothenic acid 
appears to be bound by two linkages, one of which is to phosphate, as is 
indicated by the activity of phosphodiesterase in liberating phosphate with 
simultaneous loss of coenzyme activity. Both linkages are essential for 
activity and both must be split before the pantothenic acid becomes ‘“‘free”’ 
when tested by microbiological assay. This is accomplished by intestinal 
phosphatase and a pigeon liver enzyme together. 

It was of considerable interest therefore to determine the availability of 
the pantothenic acid in coenzyme preparations for the chick, since it now 
appears that much of the pantothenic acid in certain foods is present as the 
coenzyme. We have compared the potency of two preparations when 
administered both orally and intraperitoneally. For comparative purpose 
the activity of calcium pantothenate given by these two routes was deter- 
mined. 


EXPERIMENTAL 


Day-old white Leghorn cockerels were used in all of these studies. They 
were fed a commercial chick mash for 4 days and then given a purified diet 
low in pantothenic acid. This diet was the same as that used by Hegsted 


* Supported in part by a grants-in-aid from the Nutrition Foundation, Inc., and 
the Commonwealth Fund. 
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and Perry (3) with the single exception that only 5 per cent of corn oil was 
added rather than 10 per cent. After 4 or 5 days, when growth had ceased 
in most of the chicks, they were divided into comparable groups containing 
five chicks each and’ given daily supplements as indicated below. Oral 
doses were introduced directly into the crop with a graduated pipette. 

Calcium pantothenate solutions were made freshly every 4 or 5 days in 
water to contain 100 y of calcium pantothenate per ml. Coenzyme solu- 
tions were made every 2nd day to equal this pantothenic acid concentration 
according to the results of microbiological assay, sufficient Nall@ Os being 
added to cause complete solution. All solutions were kept in the refrig- 
erator. 

Of the three reported, Assay Was completed 10 days and 
Assay 2 and Assay 3in 8 days. The gain in weight for each chick during 
this period was calculated by averaging the weights of each chick tor the 
last 3 davs of the study and subtracting the original weight. ‘This gives 
someWhat more consistent results than simply using the weight found on the 
lust day, since daily gains are usually erratic. 

The chicks which received oval doses of calcium pantothenate were con- 
sidered to be the standard to which results with other supplement= were 
compared. A smooth curve was drawn through the mean weight of 
these groups and the relative pantothenic acid activity of the other supple 
ments read from this curve. 

Two coenzyme preparations were tested. Preparation | contaimed 23 4 
of pantothenic acid by microbiological assay and 385 units of coenzyme 
activity per mg. (4). This was approximately 3 times as potent as Prep- 
uration 2 which was found to contain 8.2 y of pantothenic acid and 14 units 
of coenzyme activity per mg. Neither preparation contained free panto 
thenie acid tor Lactobacillus casei. 


Results 


The data from three assays in which the coenzyme preparations und cal- 
clum pantothenate were compared by two methods of administration are 
shown in Table The results may be briefly summarized. The admiunis- 
tration of coenzyme intraperitoneally resulted in the gains expected trom 
the pantothenic acid content determined by microbiological ussay; that is, 
the chick assav agreed with the microbiological assay and apparently all of 
the pantothenic acid was available to the chick. 

jn parallel experiments the oral doses vielded considerably smaller gains 
than were expected, indicating that the chicks were able to utilize only trom 
43 to 85 per cent of the pantothenic acid in the coenzyme preparations. 
The over-all mean of the test groups shows only 61 per cent activity by oral 
administration compared to 99 per cent by injection. 

A similar mean of all the groups given calcium pantothenate by injection 
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shows an average of 96 per cent activity compared to calcium pantothenate 
given orally. It thus appears that calcium pantothenate is equally active 


TABLE I 


(‘omparative Potency of Pantothenic Acid and Coenzyme A by Two Methods 
of Administration 


Pantothenic acid 


Gain determined . 
lent® daily | of 
dose expected 
Y gm 
} (10 days) Caleium pantothenate | Oral 0 0.0 7.6 
50 | 42.4 31.1 
100 84.9 44.5 
me 
Coenzvine Preparation | a 23.0 13.0; 56) 
2 | 46.0! 29.7! 39.0] ssf 
Intraperi- 1 23.0 22.8 23.0!) 100 
toneal Y 
2(8 days) Calcium pantothenate Oral 25 21.2 18.0 
84.9 47.0 
Intraperi- 25 21.2 19.5 | 24.0) 113 
toneal | 
12.4 22.3 | 32.0| 75 
84.9 37.7 | 65.0| 77 
3 (8 days Oral 0) 4.0 
| 25 21.2: 19.0 
12.4 29.0 
100 84.9 47.0 | 
Intraperi: 25 21.2 16.0 16.0} 76 
toneal | 
30 12.2 36.0 60.0. 141) 
me. 
Cocnzvime Preparation2 Oral 2.61 21.2 14.0 13.0; 61) 
Intraperi 2.61 21.2 20.0 23.0 108) 
toneal Qs 
2 5.22 42.4 27.0 | 38.0, 90) 


* Caleulated.tor calcium pantothenate; as determined by microbiological assay 
for the coenzyme preparations. 


by either route of administration and that the low activity of the coenzyme 
preparation when given orally results from a failure of absorption trom 
one cause or another. Since the activity of injected coenzyme is accounted 
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for by its pantothenic acid content, it is unlikely that the coenzyme is 
utilized as such without prior hydrolysis. 


DISCUSSION 


The data show that without any previous treatment, coenzyme A, when 
given intraperitoneally, is utilized in place of, or as well as, free pantothenic 
acid. When given orally, a somewhat less complete utilization was ob- 
served, amounting to about two-thirds of the theoretical pantothenic acid 
value. The present data thus confirm, qualitatively and quantitatively, 
earlier data obtained on the pantothenic acid content in coenzyme A prep- 
aration. 

The data reported, furthermore, explain observed discrepancies between 
the chick and microbiological tests for pantothenic acid. It has been known 
for some time that various materials, particularly yeast, liver, and other 
animal organs, yielded higher pantothenic acid values by the chick than 
by the microbiological assay (5,6). As reported elsewhere, the pantothenic 
acid in all living cells is bound to a large extent as coenzyme. It is liberated 
incompletely, but to a varying extent, by autolysis and the older methods 
of enzymatic hydrolysis for microbiological assay. ‘The earlier micro- 
biological values must, therefore, be considered as distinetly too low. Chick 
assays more nearly reflect the true pantothenic acid content, but may be 
expected to be somewhat low, depending upon the availability and the 
amount of coenzyme present. As is the case with several of the vitamins 
and minerals, the question of availability to the animal must be considered 
as well as the total pantothenic acid content. 


SUMMARY 


Chick assays for the pantothenic acid content of coenzyme A showed that 
when given intraperitoneally it was as active as free pantothenic aeid, and 
the chick assay agreed with the improved microbiological assay in which 
phosphatase and liver enzyme are utilized to liberate the pantothenic acid. 
By oral administration, however, an average of only 61 per cent of the 
theoretical activity was found. Pantothenic acid itself was equally active 
by either method of administration. 
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The possibility that acetol (acetylcarbinol) might be formed in methyl 
alcohol poisoning by the reaction of pyruvic acid and formaldehyde is 
suggested by the biological formation of the higher analogues, acetyl- 
methylearbinol (acetoin) and acetylethylearbinol, by the reaction of py- 
ruvic acid with acetaldehyde and propionaldehyde respectively. The 
conversion of acetaldehyde to acetoin has been demonstrated in vivo by 
Stotz, Westerfeld, and Berg (11), and the conversion of propionaldehyde 
to acetylethylearbinol by a carboxylase preparation from animal heart has 
been established by Berg and Westerfeld (1). 

CH;COCOOH + HCHO —~ CH;COCH,OH + CO, 


CH;COCOOH + CH;CHO - CH;COCH(OH)CH; + CO, 
CH;COCOOH + C.H;CHO — CH;COCH(OH)C.H; + CO, 


The biological production of formaldehyde from methyl alcohol has 
been detected by qualitative tests of unstated sensitivity, but the possi- 
bility of acetol formation appears not to have been investigated. For- 
maldehyde has been reported to occur in methyl alcohol poisoning in 
various organs by Pohl (9), in the vitreous humor and peritoneal fluid by 
Keeser (5), and in blood serum, urine, spinal fluid, and aqueous humor by 
Palmer and Harrop (8). ‘Traces of formaldehyde have been detected in 
incubated mixtures of methyl alcohol with liver by Keeser and Vincke (6) 
and with brain and vitreous humor by Keeser (4). Detection of only 
traces of formaldehyde has in each instance been attributed to a high reac- 
tivity of formaldehyde which prevents its persistence and accumulation. 

Observations have previously been made on the elfect of administration 
of acetol to animals, but without reference to any relationship to methyl! 
alcohol or formaldehyde metabolism. Greer, Witzemann, and Woodyatt 
(3) fed acetol to dogs in doses of 2 gm. per kilo, producing hematuria and 
hemoglobinuria, but not death. Stohr and Miller (10) fed 1 to 2 gm. 
of acetol per kilo to fasting rats, causing elevation of the blood acetol con- 
centration to 98 to 225 mg. per cent at the end of 3 hours, but with no 
toxic reaction discernible grossly or by any alteration of liver glycogen, 
alkali reserve, or urine protein content. This low toxicity found for acetol 
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suggests that the formation of this substance in methyl alcohol or tormalde- 
hyde poisoning would not contribute much to intoxication but might rather 
constitute a detoxication mechanism. 

In the present study the rate at which acetol is removed trom the blood 
stream has been determined and measurements have been made otf blood 
acetol concentration after administration of methyl alcohol and formalde- 
hyde to rabbits. The possible extent of conversion of methyl alcohol and 
formaldehyde to acetol has been estimated from the blood analysis values 
and the reaction rates involved. 

The measurements of blood acetol in the present work have been made 
by a colorimetric method which is more sensitive than the titrimetric 
method employed by St6éhr and Miller (10). Their procedure consisted 
of heating blood filtrates with Folin-Wu phosphomolybdic acid reagent to 
vive a blue color which was bleached by titration with potassium 
permanganate, requiring #.4 ml. of 0.01 N oxidizing solution for 1 mg. of 
acetol. It was found on attempting to utilize their procedure that the end- 
point was difheult to recognize and that direct application of colorimetry 
Was not satisfactory. In the new procedure, a more satisfactory. color 
reaction for acetol was obtained with a phosphomolybdic-phosphotungstic 
reagent. To eliminate most of the substances of blood which can interfere 
in this reaction, simple low temperature vacuum distillation was emploved 
prior to analysis. 


Method tor Determination of Aecelol im Blood 


Heparinized blood ts deproteinized by mixing | ml. with 2 mi# of 5 per 
cent sulfosahevlic acid. The mixture is centrifuged and | to 2 ml. of the 
supernatant fluid are vacuum-distilled in a simple apparatus which has been 
previously described (2). In this apparatus the sample is allowed to distil 
to dryness at room temperature, condensing at the temperature of dry ice. 
It is convenient to permit several samples to distil simultaneously over- 
night 

For colorimetric determination of acetol in the distillate, the chromogenic 
reagent is prepared by dissolving 26 gm. of phosphomolyvbdie acid and 2 gm. 
of phosphotungstic acid in sufficient water at room temperatiive to give a 
volume of 80 ml., and then adding 10 ml. of concentrated hydrochloric acid 
and 10 ml. of 85 per cent phosphoric acid, tollowed by removal of amy in- 
soluble material by centrifuging. Color is developed by heating together 
| mil. of blood distillate and 1 ml. of chromogenic reagent on a boiling water 
bath for 15 minutes and then adding immediately 2 ml. of saturated sodium 


‘Uf simultaneous distillation and measurement of formaldehyde and formic acid 
are desired, the sulfosalievlie acid solution should contain 0.2 m sulfurie acid, whieh 
does not influence determination of acetol. 
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carbonate solution. ‘The blue color produced by acetol is measured photo- 
electrically with an appropriate filter. 

The colorimeter calibration curve for known amounts of ucetol is deter- 
mined by means of a series of standard solutions containing O to 20 y of 
acetol® per ml. of water. The standards are allowed to react with the 
chromogenic reagent and are alkalinized with sodium carbonate in the same 
manner as the blood distillates. By using a Cenco photelometer with its 
red filter, a straight line relationship is obtained between the logarithm 
of the galvanometer reading and acetol concentration, as shown in Fig. 1. 


COLORIMETER READING 
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kia. Calibration eurve for aecetol determination 


The efficiency of the recovery of acetol trom blood by this method was 
estimated by measurements on blood to which known amounts of acetol 
had been added. When 10, 100, and LOOO y of acetol per ml. had been 
added, 90, 90, and 93.5 per cent respectively were recovered. — In the calcu- 
lation of these recovery values, a correction was made for the volumetric 
change resulting from the removal of the non-volatile components of blood 
and for the acetol blank for normal blood, which in a series of determina- 
tions on normal rabbits averaged the equivalent of 2.2 y of acetol per ml.° 

The possibility of interference in acetol determination from methy] alco- 
hol or its oxidation products was eliminated by ascertaiming that 5 mg. of 
methyl aleohol, 10 y¥ of formaldehyde, and 1 mg. of formie acid, singly and 


> The acetol used in this investigation was prepared by the method of Levene and 
Walti (7). 

> The blank value obtained if the distillation procedure was omitted was equivalent 
to 250 4 of acetol per ml. 
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collectively, gave no appreciable color in the acetol analysis; nor did they 
influence the recovery of 10 y of acetol. 
EXPERIMENTAL 


Determination of Blood Acetol Curves— Rabbits were injected in- 
travenously with a 10 per cent solution of acetol in water and heart blood 
sumples were taken at intervals. ‘The data obtained by analysis of samples 
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Fic. 2. Decline of acetol concentration in blood of rabbits 
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TABLE 
Blood Acetol Values before and after Administration of Methyl Alcohol to Rabbits 


Amount of methyl Time after injec- 


alcohol tion Blood aceto! concentration 


| min. y per ml. | y per mi. per mil. 
2gm.perkilo' 0 (Blank) 2.5 (Rabbit-A) 0.3 (Rabbit B) 
nously 90 2 0 4.2 
4gm.perkilo, 0O (Blank) 0.6 C 4.0 1.8 (Rabbit E) 
intraperi- 210 1.0 2 1 
toneally 270 7 9 
420 


from two rabbits which received 100 mg. of acetol per kilo are given in Fig. 
2. It appears from these data that the blood concentration decreases ex- 
ponentially with time and that the half life of acetol in the blood stream is 
approximately 30 minutes. The same characteristics were observed when 
the initial dose was reduced to approximately 40 mg. per kilo. 
Determination of Blood Acetol following Methyl Alcohol Administration— 


| 
\\ 
: 
it 
fr 


W. M. GRANT 97 


Methyl! alcohol diluted with an equal volume of water was injected in a 
single sublethal dose either intravenously or intraperitoneally into five 
rabbits. ‘The results of blood acetol determinations before and at various 
periods after injection are given in Table I. 

Determination of Blood Acetol following Formaldehyde Administration—A 
solution of 5 mg. of formaldehyde per ml. of water was injected intrave- 
nously in rabbits at various constant rates for varying periods of time. The 
rates and times were established by previous observations to approach maxi- 
mum sublethal dose conditions. In nine out of ten instances the animals 
survived, although some manifested severe temporary intoxication. 
Values found for blood acetol after administration of formaldehyde under 


TaBLe II 
Blood Acetol Values during Intravenous Infusion of Formaldehyde 


; 


Blood acetol concentration 


Infusion rate | Iuration of infusion | 
| Experimental Corresponding blank 
me. per hg. per min min | y per ml. y per ml. 

1.08 O2 2.4 2.4 
1.26 106 1.5 1.5 
1.59 50 4.2 2.1 
1.64 SO 7.8 1.8 
1.65 150 1.8 1.5 
1.77 60 1.2 3.2 
1.S] 101 0.9 2.3 
1.92 4) 0.0 3.2 
1.93 44 3.9 2.6 
2.65 (Died) 21 2.4 2.4 


these conditions are given in Table I] along with the value for the blank 
blood from each rabbit for comparison. 


DISCUSSION 


The average values obtained for acetol in the blood of rabbits poisoned 
with methyl alcohol and formaldehyde in near lethal quantities exceed but 
slightly the average blank values for these animals. Furthermore,_the 
Variation in acetol concentration observed in the individual animals makes 
it unlikely that this small difference in the averages is significant. What 
this difference, if real, might mean with respect to the possible extent of 
acetol formation from methyl alcohol or formaldehyde may be estimated 
from the relative rates of disappearance of acetol, methyl alcohol, and for- 
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maldehyde. It is readily calculable, by utilizing the measured half life of 
acetol in the blood and the concentrations obtained from injection, that 
un increase in blood acetol of the order of 2 y per ml. might be produced in 
60 minutes by the continuous addition of acetol to the blood stream at the 
rate of 40 y per kilo per minute. On the other hand, the theoretical poten- 
tial rates of formation of acetol from sublethal amounts of methyl alcohol 
and tormaldehyde have been calculated to be approximately 1800 and +00 
y per kilo per minute, respectively, based on unreported data on the rate of 
disappearance of methyl alcohol and formaldehyde. The questionable in- 
crease in average acetol concentration which was observed experimentally 
would, theretore, be equivalent to the conversion to acetol of not more than 
approximately | to 2 per cent ot the methyl aleohol or formaldehyde in- 
jected. 

ltamay be coneluded that formation of acetol trom methyl aleohol or 
formaldehyde in the rabbit does not occur to anv extent whieh could be 
considered significant with respect either to an intoxication ora detoxication 


mechanism 


SUMMARY 


The possibility was investigated that tormaldehwvde might react 7 ee 
with pyruvic acid in a manner analogous to acetaldehyde and propionalde- 
hyde. The concentration of the postulated product. acetol was deter- 
mined colorimetrically blood samples by renetion with a mixture of 
phosphotungstic and phosphomolyvbdice acids atter low vacuum 
distillation trom blood filtrate. When acetol was injected im well tolerated 
doses of 40 to 100 my. per kilo intravenously in rabbits, it had a halt dite 
in the blood stream of 30 minutes and disappeared exponentially with time. 
When sublethal amounts of methyl alcohol or formaldehyde were admin 
istered, not more than | to 2 per cent, if anv, was converted to acetol, 
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ON OF THE NEPHRECTOMIZED RAT FOR 
THE STUDY OF RAPID CHANGES IN 
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from the Department of Medicine, Emory University School of Medicine, and the 
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With the exception of some recent applications of the isotope technique 
(1), studies concerned with endocrine influences over nitrogen metabolism 
have depended liurgely on the use of the conventional nitrogen balance tech- 
nique or on measurements of tissue nitrogen. While these methods have 
vielded valuable information about over-all changes in nitrogen metabolism, 
they do not offer much opportunity to detect small or transient shifts in 
protein metabolism or to establish time relationships with hormone action 
when the latter are rapid or of brief duration. The importance of being 
able to measure such small and rapid changes in nitrogen metabolism is 
emphasized by recent studies which indicate that certain of the hormones 
concerned in nitrogen metabolism, and particularly the adrenal cortical 
hormones, act more rapidly than had been once thought (2). Evidences 
of adrenal cortical activity can be demonstrated as soon as 20 minutes 
following the imjection of potent cortical hormone or after administration 
of adrenocorticotropic hormone. By the conventional methods for study- 
Ing nitrogen metabolism it is not possible to detect the earliest changes 
attendant on hormone action. Furthermore, the 12 to 24 hour urinary 
nitrogen excretion may reflect not only the effects of the hormone itself, 
which may be short lived, but the secondary homeostatic changes as well. 
Accurate collections of urine for less than 12 hours are difficult when small 
animals such as rats are used. In order to obtain more information con- 
cerning factors involved in the endocrine control of nitrogen metabolism, 
this investigation of use of the nephrectomized rat for the study of rapid 
changes in nitrogen metabolism was begun. 

Since urea, the end-product of protein catabolism, is freely diffusible 
throughout the body water, measurement of its rate of accumulation in 
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the blood of the nephrectomized animal should be a direct measure of pro- 
tein metabolism, and, indeed, has been so used by several investigators 
(3,4). If the rate of urea formation can be shown to be relatively constant 
from hour to hour, if a sufficiently sensitive method for urea determination is 
used, and if no significant changes in body water occur, it should be possible 
to detect small changes in nitrogen metabolism by this technique. These 
criteria were met in this investigation. It was found that the hourly rate 
of urea formation in the nephrectomized rat remains relatively constant for 
at least 22 hours. Changes in urea nitrogen formation smaller than 1.0 
mg. of nitrogen per 100 gm. of body weight per hour could be detected with 
a high degree of accuracy. By using brief periods of observation, possible 
changes in body water were minimized. 


Methods 


Male albino rats of the Sprague-Dawley strain, weighing from 200 to 
250 gm., were used. The animals were fed Rockland rat chow until the 
time of nephrectomy. Bilateral nephrectomies through a lumbar approach 
were performed under pentobarbital in saline. After nephrectomy the rats 
were allowed free access to water but not food. Weight records were kept 
to detect any undue fluctuations not explicable by the overnight fast. The 
animals were operated on in the late afternoon and experimental procedures 
began the following morning, 16 hours postoperatively. The rats were 
kept in an air-conditioned room at 24--27° after nephrectomy. Urea nitro- 
gen determinations were carried out in quadruplicate on 0.5 ml. of a 1:50 
tungstate filtrate from 0.2 ml. of tail blood by means of the microphoto- 
metric xanthydrol method of Engel and Engel (5). Blood was collected 
at the time of nephrectomy and at the 16th, 19th, and 22nd hours after 
operation. The rats were kept under light pentobarbital anesthesia for 
the blood collections. Changes in urea nitrogen were expressed as mg. of 
urea nitrogen synthesized per 100 gm. of body weight per hour, and calcu- 
lated on an assumed equal distribution of urea throughout the total body 
water. The total body water was taken as 63 per cent of the body 
weight (6). 


Results 


Table I summarizes the results of these experiments. 113 rats, in which 
the rate of urea synthesis was determined during the first 16 hours after 
nephrectomy, had a mean rate (with standard error) of 2.95 + 0.05 mg. of 
N per 100 gm. of body weight per hour. 201 rats, including the above and 
representing the control 3 hour period for all animals studied between July, 
1946, and March, 1947, synthesized urea during the 16th to 19th hours after 
nephrectomy at a rate of 3.02 + 0.08 mg. of N per 100 gm. of body weight 
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per hour. Comparison of the rates of urea synthesis during three succes- 
sive periods, 0 to 16 hours, 16 to 19 hours, and 19 to 22 hours, after nephree- 
tomy shows an equally good correspondence in twenty seven animals, the 
rates being respectively 2.68 + 0.15, 2.80 + 0.19, and 2.85 + 0.18 mg. of N 
per 100 gm. of body weight per hour. From these results it is clear that 
under the experimental conditions herein described the rate of urea forma- 
tion remains quite constant during the arbitrary periods chosen after 
nephrectomy. ‘This is again demonstrated in the next seven groups of ex- 
periments recorded in ‘Table I in which the effects of several substances 


TaBLe 
Studies of Nitrogen Metabolism in Nephrectomized Rats 


No. Urea N, mg. N per 100 gm. body weight per hr.* 


fae rats 0to16hrs. | 16to19hrs. | 19 to 22 hrs. Pt 
1 | Control 2.95 + 0.05, 
27) 2.68 + 0.13) 2.80 + 0.19) 2.85 + 0.18} 0.5 
4 | Amigen (8.4mg.N per) 19 3.11 + 0.10) 2.99 + 0.32) 4.35 + 0.19] <0.01 
| 100 gm.) | | 
5 | Vuj-n (10.4 mg. N per | 24 2.90 + 0.12] 3.07 4 0.23] 4.25 4 0.23) <0.01 
100 gm.) | 
6 | Cortin (0.4 ml. per 100 18 3.07 + 0.10) 2.97 + 0.21) 3.43 + 0.26} 0.2 
| yim.) 
7  Cortin (0.8 ml. per 100 13) 3.04 + 0.18) 2.86 + 0.22) 4.09 + 0.34) <0.01 
gm.) 
8S  Cortin (1.2 ml. per 100 12 | 3.69 + 0.16) 2.76 + 0.21) 3.72 + 0.26) <0.01 
| 
9 | Cortin (2.0 ml. per 100) 12 2.90 + 0.32) 4.03 + 0.34) <0.01 
gm.) | 
10 Desoxycorticosterone | 7 3.11 +0. 16 2.81 + 0.26) 4.56 + 0.16; <0.01 
acetate + Vuj-n (10.4 | 
mg. N per 100 gm.) ! 
* Standard error = — 1)). 


t Level of significance between the 16 to 19 hour and 19 to 22 hour periods. 


affecting urea production were tested. In five of the six groups measured 
the 0 to 16 hour rate of urea synthesis ranged between 2.90 and 3.11 mg. 
of N per 100 gm. of body weight per hour, while in the sixth it was 3.69 + 
0.16 mg. of N per 100 gm. of body weight per hour, a value significantly 
higher than the others. The only explanation for this single discrepancy 
in the whole series is that at the time this group was examined the room in 
which the animals were kept got unusually cold, thereby possibly stimulat- 
ing the basal rate of nitrogen metabolism. It will be noted that this high 
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rate had fallen to normal after 16 hours in the air-conditioned room. In 
seven groups of rats, including from seven to twenty-four animals per group, 
the control 3 hour period of urea synthesis from the 16th to 19th hours 
postoperatively ranged between 2.76 + 0.21 and 3.07 + 0.23 mg. of N 
per 100 gm. of body weight per hour. 

The data in Series 4 to 10 illustrate the application of the method to the 
detection of changes in nitrogen metabolism after various experimental pro- 
cedures! following a 3 hour control period 16 hours after nephrectomy. 

In Series 4, 8.4 mg. of N per 100 gm. of body weight as a sterile 8 per 
cent solution of casein hydrolysate (amigen) was injected intravenously into 
the external saphenous vein at the 19th hour after nephrectomy. During 
the 3 hour control period prior to injection, urea N was being formed at the 
rate of 2.99 + 0.32 mg. of N per 100 gm. of body weight per hour, while 
during the 3 hours after injection the hourly rate increased to 4.35 + 0.19 
mg. of N per 100 gm. of body weight. This represents an increment of 
1.36 mg. of N per 100 gm. per hour or 4.08 mg. of N in 3 hours; 7@.e., the 
equivalent of 48.5 per cent of the injected nitrogen was converted to urea. 
With another amino acid mixture, Vuj-n (Series 5) as a sterile S per cent 
solution and at a dose level of 10.4 mg. of N per 100 gm. of body weight, the 
urea synthesis increased from 3.07 + 0.23 to 4.25 + 0.23 mg. of N per 100 
gm. of body weight per hour, a rise of 1.18 mg. of N per 100 gm. of body 
weight per hour, representing the conversion to urea in 3 hours of an amount 
of nitrogen equivalent to 34.0 per cent the Vuj-n nitrogen mjected. This 
mixture, devised by Madden et al. (7), consists of the ten essential amino 
acids plus glycine. The changes following injection of both amino acid 
mixtures were highly significant statistically (2?<0.01). Although the ex- 
perimental periods chosen were 3 hours, it should be pointed out that we 
have shown in previous work (8) that the major conversion of amino acids 
to urea actually occurs during the tirst 2 hours after injection. 

In Series 6 through © the effects of increasing doses of aqueous adrenal 
cortical extract on urea formation are described. The extract was admin- 
istered subcutaneously in divided doses at the 16th and 17th hours after 
nephrectomy, blood being collected as before for urea determination at the 
time of nephrectomy, 16, 19, and 22 hours postoperatively. No changes 
were noted during the first 3 hour period. During the second 3 hour period 
a statistically significant increment (? <0.01) occurred with ajl doses 
tested except the smallest, 0.4 ml. per 100 gm. (P? = 0.2). The significance 

' We are indebted to Dr. Warren M. Cox, Jr., of Mead Johnson and Company for 
the amigen, to Dr. DD. F. Rebertson of Merek and Company, Ine., for Vuj-n amino 
acid mixture, to Dr. DD). J. Ingle of The Upjohn Company for aqueous adrenal cortical 
extract, and to Dr. FE. Oppenheimer of Ciba Pharmaceutical Products, Ine., for des 
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of these changes will be the subject of a later report. In Series 10, the 
rats received 5 me. of desoxycorticosterone acetate for 7 days, and then the 
basal urea formation and that after 10.4 mg. of N per 100 gm. of body 
weight as Vuj-n were studied following nephreetomy. The desoxycorti- 
eosterone Was found to have no apparent effect on either of these processes. 


DISCUSSION 


The data presented show that under the conditions deseribed the rate of 
urea aecumulation in the nephrectomized rat is relatively constant for at 
least 22 hours postoperatively. With a sensitive micromethod for urea 
determination, changes in urea production during arbitrarily chosen brief 
intervals can be readily detected. If the data from the 201 control 3 hour 
periods of urea formation (3.02 mg. of N per 100 gm. of body weight per 
hour with «a standard deviation of +1.01 mg. and a standard error of +0.08 
mg.) sre used, and if a difference between the means of 2.6 times the standard 
error of the difference of the means as the criterion of statistical significance 
is accepted, it is possible to estimate the number of animals necessary to de- 
tect differences of varying magnitude in urea tormation by this technique 
(9).2 Assuming that all other conditions are kept constant as in the exper- 
iments reported, » group of nine to ten animals should suffice to reveal a 
change of 0.75 mg. of N per 100 gm. of body weight per hour, while a change 
of 0.50 mg. of N per 100 gm. of body weight per hour would be significant 
In a series of twenty or more rats. 

The method is simple, accurate, and reliable and is applicable to a variety 
of problems in nitrogen metabolism. It has been used in a study of nitrogen 
metabolism during hemorrhage and shock (8). In this study 1 hour periods 
were suceesstully compared. The changes following injection of amino 
acid mixtures described in the present report suggest a possible method 
for assaving such mixtures for their utilization and toxicity. We have 
found’ that when solutions of amigen becume bacterially contaminated their 
injection resulted in the production m3 hours of an amount of urea nitro- 
gen representing better than 100 per cent of the injected nitrogen, indicating 
an actual stimulation of the catabolism of tissue protei by the injection. 
These findings emphasize the necessity for caution and careful controls be- 
fore interpreting increases in urea after injection of test materials as either 
coming from the injected substances or as representing a stimulation by 
them of other than a non-specific protein catabolic response. 


7N = (NY where NV = number of animals, = 2.6,8s = standard deviation 
from the mean, and (Y—m) = the difference in urea N svnthesis from a mean control 
pertod im mg. of N per gm. per hour 
npublished observations. 
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For best results, rigid control of the environmental conditions of the 
rats before and during the experimental periods is necessary. The diet 
must be kept constant. A series of animals examined concurrently with 
the above animals, but kept on a synthetic diet low in potassium, had a 
lower basal rate of urea production (10). Rats of a different strain, which 
were fed Purina fox chow supplemented with liver now being studied, also 
show a different basal rate from the series described here. 

From the standpoint of interpretation of basic metabolic mechanisms, 
this method has obvious disadvantages. ‘The operation represents a stress 
which has its own repercussions on nitrogen metabolism and may thereby 
alter the response to any given test material in an as yet unpredictable 
manner. In the absence of the kidneys serious metabolic derangements 
consequent to uremia eventually occur, making interpretaion in terms of 
normal metabolism impossible. This is reflected in nitrogen metabolism by 
a constantly accelerating rate of urea production beginning about 30 hours 
after nephrectomy and continuing until death. ‘This acceleration does not 
occur in the adrenalectomized rat (10). By using animals only during the 
period of constant urea production and for short periods this factor is largely 
obviated. 

Another potential source of error is the arbitrary use of 63 per cent of the 
body weight to represent the total body water. ‘This figure represents only 
an approximation which without actual determination in each animal may 
introduce an error. In any given animal, however, this error would enter 
equally into the control and experimental periods and hence not affect the 
difference. In a given series, the error would contribute to the variations 
in both periods. It is unlikely that important changes occur in water con- 
tent in the brief periods chosen by us for these studies, since weight records 
have revealed no significant fluctuations. 

In previous reports (8, 10-13), 75 per cent of the body weight was used 
as an index of total body water. Although there are some reports of val- 
ues as high as this (14), the best evidence indicates that 63 per cent is 
closer to the true value (6, 15). For the purpose to which these studies 
have been put, z.e. the comparison of the effects of different experimental 
procedures on the rate of protein catabolism, the use of the higher figure 
for body water does not affect the results. However, if information about 
the absolute level of urea production is desired, a significant error would 
be introduced by its use. 

It is important to avoid taking too large or frequent samples of blood, 
as it has been shown that small hemorrhages (2 per cent of body weight) 
may stimulate and large hemorrhages (greater than 2.5 per cent of body 
weight) may depress urea synthesis in the rat (8). 
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SUMMARY 


A study of the rate of blood urea nitrogen accumulation during the 
first 22 hours following bilateral nephrectomy as a measure of protein metab- 
olism in the rat is presented. It is shown that this rate is constant enough 
to make possible the detection in brief periods of changes in nitrogen metab- 
olism of the order of 1.0 mg. of N per 100 gm. of body weight per hour in 
groups as small as ten animals. The uses and limitations of the method for 
the study of nitrogen metabolism are discussed. 
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A suggestion that the isotopic composition of KC isolated from biological 
material might be different from that of mineral IX was offered by Loring 
and Druce (1), who claimed that IK from the ash of potato stalks had an 
atomic Weight of 40.5 und a radioactivity much greater (as judged by its 
action on photographic paper) than mineral K. ‘These observations were 
repeated and extended (2), with the additional finding that dead wood did 
not show such « separation of the Iv isotopes. The above observations 
were not confirmed, however, by several investigators (8-0), all of whom 
found no difference in the atomic weight of I from plant as contrasted with 
mineral sources. Using a photographic method, Ernst (7) was led to con- 
clude that In. trom different organs of man and animals was much more 
active than ordinary mineral kK. Pohlmann and Netter (8) and Pohimann 
(9) in an analysis of It from both plant and animal tissue, with a CGeiger- 
Miller counter, concluded, however, that any difference in the radioactivity 
of such IN from that of mineral K must be less than 5 per cent. 

One difficulty with work on this question was the relative inaccuracy of 
methods of measuring and another the lack of knowledge regarding the 
identity of the IN isotopes. The isotope IKx*® was detected by Nier (10) who 
suggested that it was the radioactive isotope, a view subsequently con- 
firmed (11). An examination of the radiouctivity of KX isolated from tumor 
tissue Was made by Lasnitzki (12) who found no evidence of a separation of 
isotopes Within about 2 per cent. A similar result was found (13) for K 
isolated trom rabbit muscle. 

While the above measurements were being made on the radioactivity of 
I (e.g. the isotopic content of WK“), another series of estimations was carried 
out on the distribution of the K# isotope in biological material. The vari- 
ous IX isotopes are distributed approximately as follows: K*? 8200, IK’? 1, 
Ke SSO.) Brewer (14) found that K from Pacific kelp is richer in KY to an 
extent of almost 13 per cent over mineral Ik. Other plants were also found 
to differ from --2 to —3 per cent of enrichment in the heavy isotope. 
Measurement of the isotope ratio K*Y: KY for animal tissues (15) showed 
no Varhition except that bone had «a slight enrichment in KY (about 
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2 per cent) and the lining of the heart was lower than normal in K*'. No 
isotope separation for Li or Kb in the fossil Cryptozoon was found (16), but 
an isotope separation for Ix of around 2 per cent was detected. A summary 
of the above results is given by Brewer (17). A separation of IK“ by tumor 
tissue to the extent that the ratio is 1 per cent Jess than in mineral K has 
been reported (18), while with Valonia and Nitella saps Jacques (19) finds, 
on the basis of analyses by Brewer, that the isotope ratio IX*’: K* is only 
97.5 per cent of the normal ratio for mineral Kk. The accuracy of the 
estimation is stated as 0.21 per cent. The isotope ratios for normal rat 
tissues are given (20) as the same as for mineral Kk, except that bone, inelud- 
ing marrow, had on the average 2.5 per cent less that the normal ratio. 
Further results on tumor tissue (21, 22) indicated that tumors were slightly 
more abundant in K*’ (to an extent of about 1 per cent). The accuracy 
claimed was about 0 07 per cent. The results of Fenn, Bale, and Mullins 
(23) on the K*° isot ope of ash from human sources, as measured with a 
Geiger-Miiller counter, indicated that K*° is probably 2 per cent less abun- 
dant in such biological ash than is mineral Kk. 

The more recent results of Cook (24) make it necessary to view all pre- 
vious data on KX separation determined with the mass spectrometer with 
caution. Cook finds the best relative accuracy obtainable in estimations 
of K* to be 1 per cent, while the absolute accuracy is 2 per cent. He has 
determined the K**: Ix"! ratio for various kelps, fossil ( ‘ryptozoon, and various 
minerals and can find no difference in the isotopic ratio compared with min- 
eral sources. He has observed, however, that the mass spectrometer can 
itself cause “isotope effects” in the emission of KX ions from its filament. It 
seems that previous results showing isotope separations may have resulted 
either from this error or from an overestimate of the accuracy of the method. 
Since the only other estimate of KX isotope separation concerned a separation 
of K*° in human ash, it was decided to measure the radioactivity of I< from 
biological materials, advantage being taken of the more recent develop- 
ments in Geiger counting techniques. 


EXPERIMENTAL 


Potassium from wood was obtained from the trunks of beech trees. This 
wood was burned in a clay-lined stove and the resulting ash treated with 
water to extract the K. For bone Kk, the long bones of cows and horses 
were ashed in an iron tray and distilled water percolated over the ash for 
several hours. From Java rock (Vesuvius) the IK was removed by bringing 
the rock in solution by HF in platinum, then treating with H.SO,4, evaporat- 
ing to dryness, and extracting with water. KCl, Merck, for analysis, was 
used as a control and treated for purification in the same manner as other 
KC] samples. 
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All IX solutions were made neutral or slightly alkaline, if not already so, 
and evaporated to a volume of around 50 ml. Any precipitate was filtered 
off and HCIO, added in excess. The resulting KCIOs was filtered out upon 
glass filters and recrystallized from hot water two times, washed with abso- 
lute alcohol, and dried. ‘The perchlorate was then placed in a mufHle oven 
and decomposed to the chloride. ‘Temperatures of around 600° were found 
necessary to insure this conversion. The resulting chloride was weighed 
to assure that the perchlorate was decomposed and the salt then dissolved 
in a small quantity of water and analytical grade HC] was added to reerys- 
tallize the chloride. The resulting salt was filtered on glass, washed with 
HCl, and dried. It was then heated to 400° and placed in a desiceator. 
The salt was ground in agate to a uniform powder, a carefully weighed 
aliquot was taken for chloride analysis by titration with Ag, and a sample 
(300 + 0.2 mg.) was secured for counting in aluminum dishes. It was first 
thought that the most reproducible distribution of KCl] in counting dishes 
could be obtained by melting the KCl into platinum counting dishes. 
Trials indicated, however, that the annealing of such melted salt was very 
difficult, and it proved impossible to prevent distortion of the platinum 
dishes and consequent counting error due to asymmetry of the dishes. 
Aluminum dishes with 300 mg. of uniformly powdered KC] were found to 
give reproducible counting characteristics, and were considerably easier to 
prepare. It must be emphasized that the weak link in many measurements 
of radioactivity is the lack of a reproducible geometry for the samples as 
they are placed in the registration apparatus. Jn our equipment, a change 
of position of the sample of 0.1 mm. will produce more than a 1 per cent 
change in the resulting count. 

The apparatus used for counting is a slight variation of one previously 
described (25) and consisted essentially of a circular plate with six holes 
symmetrically distributed, each about 1 em. from the circumference. These 
holes carry the counting dishes, and the whole plate is rotated automatically 
at constant intervals of time to bring each sample between two counting 
tubes placed above and below the plate. This arrangement provides a 
minimal sensitivity to changes in the height of the sample. A change in 
the distance of the sample from the counter will cause a change in the count 
of the sample. When samples are rather close to the counter, the rate of 
counting will be inversely proportional to the distance (over small variations 
in distance). ‘This is the reason why changes in height of the samples will 
compensate each other when the results are expressed in per cent of a stand- 
ard for both counting tubes, and a mean value taken. The counts coming 
from the two amplifier circuits registered on a pair of the twelve telephone 
message counters necessary to record from each of the six counting positions. 
A cut-off switch was added to the circuit to prevent the recording of any 
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counts during the time of rotation from sample to sample. The entire 
operation of the equipment being automatic, it was possible to compare 
over long periods of time the activities of six samples with only occasional 
readings of the counters. The equipment was provided with breaker con- 
trols which permanently shut off the apparatus in case of either A.c. or D.c, 
power failure. 

In making measurements, three samples of cow bone KC] were placed in 
Positions 1, 3, and 5 and three KC] (Merck, purified as above) samples were 
placed in Positions 2, 4, and 6. The apparatus then was run for 48 hours 
and the results noted, and then each sample was advanced one position in 
the plate and counting was carried on for another 48 hours. Finally the 
samples were replaced in their original positions and counted again for 48 
hours. All samples were calculated to per cent of the standard, and the 
mean value of the counts recorded by the top and bottom counters taken. 


Results 


Since the accuracy of the measurement of particles from radioactive sub- 
stances is inversely proportional to the square root of the number of counts 
obtained, it is obvious that to attain an accuracy of | per cent one must 
measure 10,000 counts, while for 0.1 per cent, 1,000,000 counts must be 
measured. QOur original plan was to measure to 0.5 per cent (e.g. 410,000 
counts) and as the K in the dishes gave approximately 30 net counts per 
minute, a considerable amount of time was required. A preliminary series 
of countings was undertaken to determine the effect of different amounts 
of KC] in the counting dishes. The results of this series are shown in Table 
I. It was possible to prepare KC] samples with less than 1 mg. of deviation 
from 300 mg. and most were exact to 0.2 mg. From Table | it can be 
seen that a change of weight of 1 mg. makes a difference in count of only 
0.1 per cent; so that there is «a neghgible error introduced in this way. A 
second control was necessary to be sure that one could detect a decrease in 
the count of the order of 2 per cent when a dilution of this order of magmni- 
tude was present. For this test, analvtical sodium oxalate was weighed 
and mixed by grinding in agate. The oxalate concentration was calculated 
to be 2.6 per cent of the total mixture. The reduction of count obbtsined 
amounted to 3.1 per cent, which is rather good agreement considering the 
difficulty of obtaining good mixing with dry erystals. The data are included 
in Table IT. 

Since enough of each biological sample was prepared to fill three shims- 
num dishes, and comparisons were made of each of these dishes, with ann- 
lytical KC] as a standard. the reproducibility of the count of any of these 
dishes is of some interest, inasmuch as smal! geometrical errors in the 
counting apparatus are compensated by counting at different positions in 
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the sample holder. Table If] indicates something of the reproducibility 
of two dishes containing reagent KC] as counted against a third dish con- 
tuining the same substance. It is to be emphasized that these results are 
for durations of only about 10,000 counts, and hence the accuracy expected 
eannot be more than | per cent. The mean values are about 1.5 per cent 
different from the control. 

The final results obtained on counts for various biological materials are 
summarized in Vable IV. Here reagent KC] is taken as 100 per cent and 
the various other substances related to this value. Standard deviations 


TABLE | 
Count Obtained from KCL Samples in Relation to Their Weight 


4 count 
Weight Relative count A count = 
4 weight 
me per cent per con her cent per my 
350) 100.0 
300) 94.5 2.9 
JAN 


Veasurement of 26 Per Cent Dilution of ACL with Sodrum Oxalate 


Total No. of counts measured Inactive impurity found 


> & 2 
2 La 2.93 
2.93 
3.56 
2x 10 2.95 
Mean value 3.1 


for these mean values are given in the last column. It is quite difficult to 
estimate the accuracy of these measurements. Theoretically the aceuracy 
of the counts should be 0.3 per cent; however, there are many additional 
factors which contribute towards making this estimate higher. First there 
is the purity of the KC] preparation being counted. Previous experiments 
(23) have indicated that one does not find speetroscopically demonstrable 
Rb in the IC samples isolated -from animal sources. As to the presence of 
the radium series in these KCL preparations, coprecipitation with Bat? ot 
one of the IX samples was carried out to determine whether there wus any 
change in the count. Sueha change could not be demonstrated. A further 
control was the titration of the ehloride with silver. This procedure could 
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be carried out with an accuracy of 0.2 per cent, as contrasted with an anal- 
ysis for IX which could only be determined within 2 per cent accuracy, 
Variations in background were largely compensated for by long counting 
intervals. IC] samples as isolated from biological material did not give a 
flame test for Na. In all, with regard to the error, it can be said that it has 
not been possible to find a separation of the order of 1 per cent for the Kx“ 
isotope in the various materials used. 


Reproducibility of Counting with Single Sample 


Counts, per cent of standard sample 


Series 1 | Series 2 Another sample 
1 99.7 100.3 97.3 
2 98.9 98.6 98 
3 99.3 | 99.3 99.6 
4 99.9 97.1 9S .6 
97.4 100.2 
6 96.6 | 98.9 
7 98.6 | 98.9 
98.6 | 98.5 OS.8 
TaBLe IV 
Summary of Measurements on Biological Materials 
o | Total No. of Standard 
KCI sample counts measured Mean value deviation 
per cent 
Reagent KCl... 3 10 100.0 ).26 
Lava rock..... 3 xX 105 99.4 0.75 
Cow bone...... X 10° 100.3 0.26 
Horse bone. . 3 105 99.5 1.01 
Beech wood... . 10° 99.8 0.17 


It seems quite clear that there has not been demonstrated previously a 
separation of the Ix isotopes which is above criticism, and further it is diffi- 
cult to see why one should expect such a process in living cells. The fact 
that isotopes should have a mobility proportional to the square root of their 
~ masses has often been mentioned as a possibility, but in reality this holds 
true only for the gaseous state, while in solution one must expect that the 
transport of these isotopes will depend on differences in their atomic radius. 

This difference between IX**? and K*° is practically mil. To be sure, alkali 
isotopes have been separated by exchange reactions in zeolites, but it 1s 
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difficult to imagine the living cell as providing the necessary conditions for 
such a mechanically repetitive process as isotope separation. 


We are indebted to Professor N. Bohr for supplying the numerous facil- 
ities to make this work possible, to Professor G. Hevesy for his kind 
interest in the work, and to Professor Noe-Nvgaard for supplying the lava 
rock samples used. 


SUMMARY 


The K*® content’ of potassium from animal, vegetable, and mineral 
sources has been compared with reagent KC]. No difference in K*® content 
within +0.5 per cent could be demonstrated for these various materials. 
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BIOSYNTHESIS OF TRICARBOXYLIC ACIDS BY CARBON 
DIOXIDE FIXATION 


I. THE PREPARATION AND PROPERTIES OF OXALOSUCCINIC ACID* 
By 8EVERO OCHOA 


(From the Departments of Chemistry and Medicine, New York University 
College of Medicine, New York) 


(Received for publication, December 29, 1947) 


As previously reported, the biological conversion of d-isocitrie acid to 
a-ketoglutaric acid and carbon dioxide occurs in two steps with oxalosuc- 
cinie acid (OSA) as an intermediate; both steps are reversible and enzyme- 
catalyzed (1, 2). 

The conversion of isocitric acid to OSA had been postulated by Martius 
(3) by analogy with the biological dehydrogenation of other hydroxy acids 
to the corresponding keto acid. Although free OSA had never been pre- 
pared, Martius assumed that this 3-keto acid would be so unstable that it 
would decarboxylate spontaneously, 7.c. non-enzymatically, to a-ketoglu- 
taric acid and COs, at a rapid rate. The preparation of OSA (1) made pos- 
sible a better understanding of the mechanism of biological reactions involv- 
ing tricarboxylic acids. Since this keto acid is indeed very unstable, its 
preparation and properties will be deseribed in some detail in this paper. 

As is well known, when triethvloxalosuccinic ester (OS ester) is refluxed 
with relatively dilute acid, it 1s quantitatively hydrolyzed and decarboxyl- 
ated to a-ketoglutarie acid (4,5). However, if it is hydrolyzed with con- 
centrated hydrochloric acid, at room or lower temperature, OSA is formed 
in good vields. The free acid can then be isolated as the barium salt after 
removal of unhydrolyzed ester by extraction with ether. 

Both OS ester and OSA give, with ferric chloride, color reactions which 
have proved extremely valuable as a guide in the various steps of the prepa- 
ration of the acid. Both compounds give a deep red color with ferric iron 
but, while the color given by the ester develops gradually and is stable once 
Its MaXimum is reached, with the acid the color appears instantaneously 
and rapidly fades to a greenish vellow. The rapid fading is due to the de- 
carboxviation of OSA to a-ketoglutaric acid catalyzed by ferric ions. 
a-hetoglutanie acid gives a greenish yellow color with ferric chloride (4). 

Aniline markedly accelerates the decarboxylation of OSA, as is the case 
with other o-keto acids (2,6, 7). The decarboxylation of OSA, either by 

* Aided by grants from the Rockefeller Foundation, the Penrose Fund of the 
American Philosophical Society, the Williams-Waterman Fund of the Researeh Cor 
poration, and Hoffmann-La Roche, Ine. 
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aniline or by certain cations, can be used for the quantitative determination 
of the keto acid and has proved very useful in following the hydrolysis of 
OS ester. 


EXPERIMENTAL 


Hydrolysis of OS Ester--42.0 ec. (45.7 gm.) of OS ester (equivalent to 
31.6 gm. of OSA) were shaken with 126 cc. of concentrated hydrochloric 
acid! until all the ester went into solution, and the mixture was left at room 
temperature (1S-20°), with occasional shaking, for 24 hours. At this time 
the mixture contained 11.1 gm. of OSA as determined with aniline citrate, 
corresponding to 35 per cent hydrolysis. ‘The solution was concentrated 
in vacuo at 25° (bath temperature not over 35°) to about half its original 
volume in order to remove ethyl alcohol and facilitate further hydrolysis of 
the ester. The residue was made up to the original volume (168 ec.) with 
concentrated hydrochloric acid and the solution was allowed to stand at 


TABLE | 
Course of Hydrolysis of Oxalosuccinic Ester 
5.4 gm. of ester (equivalent to 3.74 gm. of oxalosuccinie acid) hydrolyzed with 15 
ec. of concentrated HC! at 20°. 


Hydrolysis time : Oxalosuccinic acid found Hydrolysis 
hrs. gm. per cent 
17 1.22 32.5 
42 1.76 47.0 
7 1.80 48.0 
4 1.70 45.0 


room temperature for another 24 hours, when 15.8 gm. of OS.\, correspond- 
ing to 50 per cent hydrolysis, were found. Prolongation of the hydrolysis 
time beyond 48 hours led to no further increase in the amount of OSA deter- 
mined with aniline citrate (Table I). 

Removal of Unhydrolyzed Ester and Reaction Products Other Than OSA— 
The solution was concentrated under reduced pressure, as above, to about 
30 per cent of its original volume, and the residue was kept at ‘0° overnight, 
whereupon some crystalline material precipitated. This material contains 
no OS. or ester and has not been further identified;? it was filtered off with 
suction, on a sintered glass filter, and discarded. The clear filtrate was 
extracted once with 1.5 volumes of anhydrous ether at 0°. The ether ex- 


' Analytical reagent grade, sp. gr. 1.18. 

2See Table V. 

’The material is sparingly soluble in water and its solutions are weakly acid. 
After boiling with alkali, a 2,4-dinitrophenylhydrazone, closely resembling that of 
a-ketoglutaric acid, is obtained. 
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tract contained most of the unhydrolyzed (or partially hydrolyzed) ester, 
as indicated by ferric chloride tests, and was discarded. The aqueous layer 
was further concentrated under reduced pressure to about 20 cc., and the 
residue, a thick yellow oil containing 11.0 gm. of OSA,‘ was made up to 26 
ec. With concentrated hydrochloric acid and allowed to stand overnight at 
0°. A-second crop of crystals, of the unidentified material referred to above, 
was filtered off and discarded. ‘The clear filtrate (23 ec.) contained 11.0 
gm. of OSA. 

Precijntation of OSA As Barium Salt— Since it was not possible to crystal- 
lize the free OSA, it was decided to isolate it as the barium salt. This 
offered a possibility of separating OSA from its decarboxylation product, 
a-ketoglutarie acid, by fractionation of the barium salts. 

23 cc. of the strongly acid filtrate were chilled to — 12°, diluted to about 
90 ec. by slowly adding ice water, and brought (with vigorous mechanical 
stirring) to just below pH! 5.0 by the very slow addition of 26 ec. of carbon- 
ate-free 28 per cent sodium hydroxide previously chilled to —10°. The 
temperature was never allowed to rise above —2°. These precautions are 
essential, because OSA, while stable in concentrated hydrochloric acid, 
readily undergoes decarboxylation in dilute acid. The solution was cooled 
to —10°, and 150 ce. of carbonate-free 25 per cent barium acetate of the 
same temperature were added with mechanical stirring; a.bulky white pre- 
cipitate was obtained. ‘The mixture was now brought to pH 7.3 with 8.0 
ec. of 28 per cent sodium hydroxide, and alcohol (at — 10°) was added to a 
final concentration of about 20 per cent. After stirring for 10 to 15 minutes 
the barium salt was centrifuged off at 0° and the mother liquor was dis- 
earded. The mother liquor contains small amounts of OS ester as well as 
barium a-ketoglutarate which precipitates on addition of more alcohol and 
can be identified as the 2,4-dinitrophenvlhydrazone. The barium salt was 
washed successively in a refrigerated centrifuge at 0° with 25, 50, and 100 
per cent ethanol and with ether, and was dried in vacuo over CaCl, and 
paraffin at room temperature. The yield of barium salt, containing 32.2 
per cent of OSA, was 25.0 gm., corresponding to 8.0 gm. of OSA, or 25 per 
cent of theory. Iept over calcium chloride in the ice box, the barium salt 
is perfectly stable. 

Some analytical data obtained on this preparation are shown in Table 
II. On the basis of the OSA content (after correction for the loss of water 
on further drying of a small sample in vacuo over P2O; at room temperature) 
the barium salt is 70 per cent pure. A small fraction of the impurities is 


‘The OSA lost after ether extraction (4.8 gm.) may consist to a large extent of 
partially hydrolyzed OS ester. 

‘A smaller batch of barium salt (2.6 gm.), prepared by the same method with the 
same yield, was SO per cent pure with regard to OSA (P.Os;-dried salt: Ba, 46.0 per 
cent; OSA, 38.5 per cent; free a-ketoglutaric acid, 2.0 per cent). 
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a-ketoglutaric acid (5 per cent); the remainder might largely consist of the 
unidentified material that crystallizes on concentrating and chilling the acid 
hydrolysates. Ferric chloride tests indicate that the barium salt contains 
little, if any, ester. 

A solution of OSA, from 100 mg. of the barium salt, was boiled tor a few 
minutes to decarboxylate the acid, cooled, and treated with 2, 4-dinitro- 
phenylhydrazine in 2~ HCl A hydrazone was obtained which after two 
recrystallizations from hot water (yield 7.9 mg.) melted at 220° (uneor- 
rected). A sample of a-ketoglutaric 2,4-dinitrophenvlhydrazone, prepared 


TABLE II 


Analytical Data of Neutral Barium Salt of Oxalosucctnic Acid 


found, Ba salt dried im 
over CaCle 
(alculated tor 


Purity 
Corrected for 
Uncorrected 5.3 per cent 

per per cent per cent per 

Bat. 43.5 46.0 52.3 
Oxalosuccinic acid... 32.2 34.0 is.3 70.0 

Total a-ketoglutaric acid§ 29.6 31.2 37.2 

a-Ketoglutaric acid!! 5.1 0.0 


* On further drying tn vacue over P.O, the salt lost 5.3 per cent weight. 

tf Determined by the method of King (8S). Average of two dupleate estimations 

{ Determined with aniline citrate (see Table VI). 

$ Determined by the hydrazone method (9) after heat decarboxylation of the 
oxalosuccinate. 

Ketoglutaric acid in excess of that calculated from the oxalosuccinate present, 


and recrystallized in the same manner, melted at 219° (uncorrected), 
Mixed m.p., 220°. 

Stability of OSA- OSA is much Jess stable than oxalacetic acid and read- 
ily undergoes decarboxylation to a-ketoglutaric acid and CO. in aqueous 
solution. The rates of spontaneous decarboxylation of the two 3-kete 
acids were determined in 0.18 m acetate buffer, pH 5.1, at 25°, with the re- 
sults shown in Table III. It may be seen that OSA decarboxylates about 
8 times faster than does oxalacetic acid. 

Effect of Cations has shown that a number of polyvalent cations 
catalytically accelerate the decarboxylation of oxalacetic acid (10). Table 
[V, where the results obtained with oxalacetic acid under identical condi- 
tions are included for comparison, shows that this also holds true for OSA. 
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Comparison of Rates of Spontaneous (Non-Enzymatic) Decarborylation of 
Oxalacetic and Oxalosuccinic Acids 


1.5 ec. of 0.3 mM acetate buffer, pH 5.1, made up, with keto acid and water, to a 
volume of 2.5 ec. Oxalacetic acid, 19 micromoles (equivalent to 425 ¢e.mm. of CO:); 
oxalosuccinic acid, 16 micromoles (equivalent to 360 e¢.mm. of CQs). Gas, air; 
temperature, 25°. Solution of keto acids tipped in from the side bulb of Warburg 
vessels after temperature equilibration. 


Oxalacetic acid Oxalosuccinic acid 
Time CO: evolved be Time CO: evolved ke 

mar x mire x 19°? 

Ld Lo 1.25 o 47 1.22 

30) 40 1.44 10 SY 1.21 

45 Ho) 1.48 15 122 1.20 

OU 7 1.38 20 150 1.18 

120 142 1. 46 25 170 1.11 

30 189 1.08 

Average 1 40 1.17 
*k = first order velocity constant of decarboxylation = 1/t log (a/(a—Zz)) (t 
= time in minutes; a = initial amount of keto acid; 7 = amount decarboxylated 


at time 


Effect of Cations on Decarboxrylation of Oralosuccinic Acid 


Experimental details asin Table II] except that the keto acids were measured into 
the main space of the Warburg vessels. The metallic salts were tipped in from the 
side bulbs after temperature equilibration. 


(Oe evolved 


Oxalacetate, Oxalosuccinate, 

15 min. 5 min. 

None 16 47 
0.001 Mw CaCl, \7 36 
MgCl. 17 50 
MnCl. 20 4] 
OOl ZnSO, 34 76 
O OOL CuSO, L5S 187 
0 FeSO, 72 110 
FeCl, 122 245 
O OOL ALSO 232 255 
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Methods 


Determination of OSA with Aniline Citrate—The method of Edson (7) 
was used. Details of its application to the quantitative estimation of OSA, 
both in hydrolysates of OS ester and in the barium salt, are given in Tables 
V and VI. | 

Ferric Chloride Tests—The color reaction of OS ester with ferric chloride 
was described by Wislicenus and Waldmiiller (11). When used on hy- 
drolysates, it is best to neutralize to a weak acid reaction before adding a 
drop or two of concentrated FeCl; to a dilute sample of the hydrolysate. 


TABLE V 
Determination of Oxalosuccinic Acid in Hydrolysates of Its Triethyl Ester 


Contents of Warburg vessels, main space, 0.5 cc. of 50 per cent citric acid and 1.4 
ec. of water; Side Bulb 1, 0.05 ec. of 30 per cent NaOH ;* Side Bulb 2, 0.4 cc. of aniline 
citrate. Main space of Vessel a (blank), 0.05 ec. of coneentrated HC]; main space 


of Vessel 6, 0.05 cc. of hydrolysate. (Gas, air; temperature, 25°. Contents mixed 
after temperature equilibration. 


COs evolved 


Time 

Vessel a | Vessel b 

min. | c.mm 

5 433 

12 75 465 

15 75 405 

CO, evolution corrected for blank, c.mm......... 390 
Oxalosuccinic acid in 0.05 ec. hydrolysate, mg....... 4 3.3 


* For approximate neutralization of hydrolysate. 


When OSA accumulates in hydrolysates, one obtains an instantaneous red 
color, Which fades rapidly, followed by the gradual development of a stable 
dark red. As mentioned above, the ‘‘fading”’ reaction is due to OSA and 
the gradually developing stable reaction to OS ester. When the barium 
salt is used, it is best to bring it first into solution with a drop or two of 
dilute acid. Pest results are obtained, in general, at weakly acid reaction. 

Preparation of Solutions of OSA from Its Barium Salt-- Owing to the in- 
stability of OSA, all operations are carried out at O°. The barium salt is 
suspended in a little water, brought into solution with a few drops of 2 N 
HCl, and the barium precipitated with the calculated amount of 1 N 
H.SO,;. The precipitate of barium sulfate is centrifuged off and discarded 
without washing, and the supernatant is brought to the desired pH and 
volume. A number of aniline citrate estimations of the OSA in solution, 


¢ 
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carried out immediately after its preparation, indicated that on the average 
it corresponds to 70 per cent of the calculated amount. When more exact 
data are required, an aniline citrate estimation is carried out simultaneously 
with the experiment in which the particular OSA solution is used. Solu- 
tions of OSA are conveniently made up just before use, but, in most cases, 
they can be used over a period of several hours if kept at 0°. 
Preparations—‘Vhe potassium salt of triethyl oxalosueccinate was prepared 
by the method of Wislicenus and Waldmiiller (11) and converted to the free 
ester as described by Neuberg and Ringer (5). Oxalacetic acid was pre- 


TaBLe VI 
Determination of Oxalosuccinic Acid Content of Barium Oxalosuccinate 


The solid barium salt was weighed into one side bulb of the Warburg vessels. 
The other side bulb contained 0.4 ce. of aniline citrate and the main space 0.5 cc. of 
50 per cent citric acid plus 1.5 ec. of water. Gas, air; temperature, 25°. Contents 
mixed after temperature equilibration. 


CO: evolved 


No Ba salt 12.7 mg. Ba salt | 12.3 mg. Rasalt | 12.5 mg. Ba salt 
min c.mm. c.mm. c.mm. 
6 439 
10 —Ill 462 | 436 441 
15 —11 472 | 450 | 455 
1s | 450 | 455 
20 479 
30 479 
Total CO, evolved, ¢.mm. ae 479 | 450 455 
CO, after correcting for blank, 
c.mm.. 490 461 461 
Oxalosuccinic acid, mg..... 4.15 3.92 3.96 


pared by the method of Wohl ef a/. (12); its purity, as determined with 
aniline citrate, was 100 per cent. 


SUMMARY 


The preparation of oxalosuccinic acid, by hydrolysis of its triethyl ester 
with concentrated hydrochloric acid at room temperature followed by re- 
moval of unhydrolyzed ester with ether and isolation as the barium salt, 
is described. 

In aqueous solution oxalosuccinic acid is much less stable than oxalacetic 
acid and readily undergoes decarboxylation to a-ketoglutaric acid and ear- 
bon dioxide. At pH 5.1 (0.18 m acetate buffer) and 25°, the first order 


€ 
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velocity constants of decarboxylation are as follows: k oxalacetate = 1.4 | 
x 10-3, k oxalosuccinate = 1.17 XK 107°. 

The decarboxylation of oxalosuccinate is markedly accelerated by some | 
polyvalent cations (in order of effectiveness Zn*++, Fet+, Cut+, Fet++, 
Al*++*) and by aniline. 


The help of Dr. Erna Weisz-Tabori in part of this work is gratefully 
acknowledged. I am also indebted to Mr. Morton C. Schneider for tech- 
nical assistance. 
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Although oxalosuccinie acid (OSA) is very unstable (1) and rapidly under- 
goes decarboxylation to a-ketoglutaric acid and carbon dioxide in aqueous 
solution, this reaction is markedly accelerated by oxalosuccinie carboxylase, 
a soluble enzyme, first found in pig heart extracts (2). This enzyme, which 
is also present in other tissues, is thermolabile, specific for OSA, and re- 
quires Manganous ions for activity. 


Results 


Specificity of Enzyme--Because of the lability of OSA, the activity of 
oxalosuccinic carboxylase is best investigated at low temperatures, such as 
15° or lower. The enzymatic activity of dialyzed extracts of washed ace- 
tone-dried pig heart is illustrated in Fig. 1, which also shows the thermo- 
lability and the Mn*+ dependence of the enzyme. 

The decarboxylation of oxalacetie acid (OAA) to pyruvie acid and carbon 
dioxide had been known for some time to be catalyzed by enzymes from 
various sources. Oxalacetic carboxylase was first discovered by Krampitz 
and Werkman (3) in lysed preparations of Micrococcus lysodeikticus; this 
enzyme was stated to require either Mg*t*+ or Mn+? for activity. Later 
Evans, Vennesland, and Slotin (4) found a similar enzyme in aqueous ex- 
tracts of acetone-dried pigeon liver; this enzyme functioned with Mnt+ 
but not with Mgt+. 

The question whether the decarboxylation of OSA and OAA is catalyzed 
by the same or by different enzymes was of great interest and was investi- 
gated in some detai!. It was found early in this work that pig heart ex- 
tracts, with high oxalosuccinic carboxylase activity, were inactive toward 
OAA (2), while pigeon liver extracts decarboxylated the two keto acids. 
A partially purified preparation of oxalacetic carboxylase from Micrococcus 
lysodeikticus’ is free from oxalosuccinic carboxylase. These facts are 1il- 


* Aided by grants from the Rockefeller Foundation, the Penrose Fund of the Amer- 
ican Philosophical Society, the Williams-Waterman Fund of the Research Corpora- 
tion, and Hoffmann-La Roche, Inc. 

‘Mehler, A. H., Kornberg, A., Grisolia, 8., and Ochoa, S., unpublished. 
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lustrated in Fig. 2. More recently it has been found that highly purified 
preparations of “oxalacetic carboxylase” from pigeon liver? are devoid of 
oxalosuccinie carboxylase activity.? It is thus clear that oxalosuccinie 
and oxalacetic carboxylases are distinct enzymes, each being strictly spe- 
cific for its substrate. Such specificity has also been found in spectropho- 
tometric experiments (6). 


400 


350 


© 


EVOLUTION (cmm.,) 


100 


j 
0 5 10 Be) 20 25 30 
MINUTES 


Fic. 1. Enzymatic decarboxylation of oxalosuccinic acid. O.O1IS mM citrate buffer, 
pH 5.6, and 18 micromoles of oxalosuccinate (equivalent to 405 e.mm. of CO,), with 
additions as indicated, in a final volume of 2.8 ec. Enzyme, dialyzed extract of 
washed, acetone-dried pig heart containing about 5 mg. of protein per ce. Oxalo- 
succinate tipped in from side bulbs of Warburg vessels after temperature equilibra- 
tion. Gas, air; temperature, 14°. Curve 1, 1 ec. of enzyme + 3.6 micromoles of 
MnCl.; Curve 2, no enzyme but 3.6 micromoles of MnCl,; Curve 3, 1 cc. of enzyme but 
no MnCl,.; Curve 4, 1 ec. of heated enzyme (heated for 2 minutes at 100°, cooled, and 
coagulated protein removed by centrifugation), either with or without 3.6 micromoles 
of MnCl.; Curve 5, neither enzyme nor MnCl). 


2? This enzyme catalyzes the reversible oxidative decarboxylation of /-malic acid 
to pyruvic acid and COs, with triphosphopyridine nucleotide as coenzyme, as well as 
the decarboxylation of OAA. Mn is needed in both cases. All the evidence so far 
obtained indicates that the same enzyme catalyzes the two reactions; this enzyme, 
therefore, would not be primarily an oxalacetic carboxylase. The enzyme from 
Micrococcus lysodeikticus, on the other hand, is totally inactive toward malice acid, 
whether with di- or triphosphopyridine nucleotide, and is thus a true oxalacetic 
carboxylase. Whether the catalysis of OSA decarboxylation is an incidental activ- 
ity of an enzyme, which essentially catalyzes the oxidative decarboxylation of isocit- 
ric acid to a-ketoglutarie acid and COs, remains to be decided by purification (see 
the discussion on this point in Paper III (5)). 

Ochoa, S., Mehler, A. H., and Kornberg, A., unpublished. 
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Reeaction Products—-The enzymatic decarboxylation of OSA was allowed 
to proceed to completion in three Warburg vessels set up as the sample 
corresponding to Curve | in Fig. 1. ‘The OSA content of the solution used 
in this experiment was simultaneously determined in another Warburg 
vessel with aniline citrate (1). The experimental temperature was 15°. 
Decarboxylation was complete in 30 minutes when 455, 423, and 440 e.mm. 
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Fic. 2. Specificity of oxalosuccinic and oxalacetie carboxylase. Either 0.018 m 
citrate buffer, pH 5.6, and 3.6 micromoles of MnCl,, made up with enzyme, substrate, 
and water, to a volume of 2.8 ec. (Curves la, lb, 2a, 2b, and 3a), or 0.025 m acetate 
buffer, pH 5.0, and 1.0 micromole of MnCl, made up with enzyme, substrate, and 
water toa volume of 2.0 ce. (Curve 3b). Curves a, substrate oxalosuccinate (18 mi- 
cromoles); temperature, 16-17°; curves b, substrate oxalacetate (28 micromoles); tem- 
perature, 25°. Curves 1, 1.0 ec. of pig heart extract (4.4 mg. of protein); Curves 2, 
1.0 cc. of Micrococcus lysodeikticus enzyme (about 1.0 mg. of protein); Curves 3, 0.5 
cc. of pigeon liver extract (18.5 mg. of protein). Gas, air. Substrate tipped in from 
side bulbs of Warburg vessels after temperature equilibration. 


of COs were evolved in each of the three Warburg vessels, as measured from 
the moment OSA was tipped into the main compartment. The correspond- 
ing CO, evolution with aniline citrate was 459 ¢.mm. The contents of 
the three vessels were then mixed and deproteinized with trichloroacetic 
acid. Addition of 2,4-dinitrophenylhydrazine in 2.0 n HCl yielded a 
hydrazone which after two recrystallizations from hot water (yield 5.0 
mg.) melted at 220° (uncorrected). A sample of a-ketoglutarie 2,4- 
dinitrophenylhydrazone, prepared and recrystallized in the same manner, 
melted at 219° (uncorrected). Mixed m.p., 218°. 
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Properties of Enzyme ~The rate of enzymatic decarboxylation of OSA is 
about the same at pH 5.6, 6.3, and 7.4, whereas at pH 5.0 it is very low, 
owing to denaturation of the enzyme. Reactions more alkaline than pH 
7.4 were not investigated because of the pronounced increase of the spon- 
taneous decarboxylation of OSA with increasing alkalinity. The data at 
pH 7.4 were obtained with glvceviglycine buffer, all others with citrate 
buffer. Complete evolution of the COQ» produced by decarboxylation at 
pH higher than 5.6 was insured by tipping acid from the side bulb of the 
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Fic. 3. Rate of enzymatic decarboxylation of oxalosuccinic acid as a function of 
the enzyme concentration. 0.018 M citrate buffer, pH 5.6, 3.6 micromoles of MnCl, 
and 18 micromoles of oxalosuccinate, with various amounts of pig heart extract, made 
up to a final volume of 2.8 ce. Other experimental details as in Fig. 1. Gas, air; 
temperature, upper curve, 14.5°, lower curve, 17°. (The two experiments reproduced 
in the figure were carried out with two different extracts.) Blank, without enzyme 
but with MnCl». 


Warburg vessels, and the CQ, evolution, in the absence of enzyme, was 
subtracted in all cases to obtain the enzyme-catalyzed decarboxylation. 

As is illustrated in Fig. 3, the initial rate of the enzymatic decarboxyla- 
tion of OSA is proportional to the concentration of the enzyme. 

The need of manganous ions for the activity of oxalosuccinic carboxylase 
has already been mentioned. It has also been previously reported (2) 
that Mg** is ineffective at concentrations at which Mn*?* is quite effective; 
this illustrated in Table I. 

The increasing rate of enzymatic decarboxylation of OSA with increasing 
concentrations of either Mn++ or OSA, while the concentration of one of 
of them is kept constant, is shown in Table I]. In the case of constant 
OSA and increasing Mn*+* concentration, the blank used for the whole 
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series Was one with the highest concentration of Mntt, 7e.1.3 & 10-3 om. 
With constant Mn** and increasing OSA concentration, two samples were 
run at each concentration of OSA, one without and one with enzyme. 
Optimum concentrations of Mn** and OSA have not been reached in these 


TABLE | 
| Comparison of Effect of Mg** and Mn** on Activity of Oxalosuccinic Carborylase 


0.018 M citrate buffer, pH 5.6, and 18 micromoles of oxalosueccinate, with other 
additions as indicated, in a final volume of 2.8 ec. Gas, air; temperature, 14°. 


Additions CO: evolved in 10 min. 

| 
3.6 micromoles MnCl, Fy | 50 
l cc. heart enzyme | 70 

+ 3.6 micromoles MgCl). 7 
+ 3.6 MnCl, 284 
TaBLe II 
Rate of Decarbozylation of Oxralosuccinate As Function of Mn** and Substrate 
Concentration 


0.02 Mm citrate buffer, pH 5.6, and 0.5 ec. of pig heart extract, with other additions 

| as indicated, in a total volume of 2.8 cc. Gas, air; temperature, 17-18°. Oxalosuc- 
cinate tipped in from side bulb of Warburg vessels after temperature equilibration. 

The concentration of oxalosuccinate in the solution used for these experiments was 
determined with aniline citrate. 


7.6 1073 oxalosuccinate 13 MnCle 


10°39 COs evolution® in min. OSA COs evolutiont in 5 min. 
Comm. 
0.065 24 60 
0.325 57 4.55 70 
0.65 87 7.60 109 
1.30 110 11.40 150 
15.20 193 


* Excess Over sample containing 1.3 mM Mn** and no enzyme. 
+t Excess over corresponding samples without enzyme. 


experiments, but it is apparent that the dissociation constants of the 
enzyme-Mn and the enzyme-substrate complexes are high. 

experiments on competitive inhibition of oxalosuecinie carboxylase 

revealed the interesting fact that, while citric acid and various keto acids 

. do not inhibit, and ezs-aconitic acid is only weakly inhibitory, isocitric acid 

is strongly inhibitory. These experiments are illustrated in Table ITI. 

Experiment 1 shows that substitution of acetate buffer of the same pH for 
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the citrate buffer used throughout this work makes no significant difference, 
indicating that citric acid does not interfere with oxalosuccinic carboxylase. 
Experiments 2 and 3 show that 0.01 mM a-ketoglutarate, oxalacetate, or 
pyruvate does not inhibit, while even 0.0066 Mm dl-isocitrate is strongly 


Taste III 
Competitive Inhibition of Oxalosuccinic and Oralacetic Carborylases 

Oxalosuccinic carboxylase, 0.02 mM citrate buffer, pH 5.6, 7.2 micromoles of MnCl, 
1.0 ec. of pig heart extract, and 21 micromoles (470 ¢.mm., final concentration 0.0075 
ul) of oxalosuccinate, in a total volume of 2.8 cc. Temperature, 12-13°. Oxalacetic 
carboxylase, 0.1 M acetate buffer, pH 5.2, 1.8 micromoles of MnCl», either Micro- 
coccus lysodeikticus enzyme or purified pigeon liver enzyme, and 20 micromoles 
(450 e.mm., final concentration 0.01 m) of oxalacetate, in a total volume of 2.0 ce. 
Temperature, 25°. Gas, air. Other additions as indicated. Oxalosuccinate and 
oxalacetate tipped in from side bulbs of Warburg vessels after temperature equilibra- 


tion. 
Oxalosuccinic carboxylase Oxalacetic carboxylase 
| | — 
C.mm. in in 
min. 20 min. 
0.02 fumarate 53 
2 0.02 ‘‘ l-malate 16 
0.02 m dl-isocitrate 0 5§ 151 
0.01 ‘‘a-ketoglutarate 150 0.02 ‘‘ fumarate 132 
0.01 oxalacetate 116 0.02 ‘‘l/-malate 34 
0.01 pyruvate 139 
3 167 
0.0066 dl-isocitrate 20 
0.013 
0.005 cis-aconitate 127 
123 


* Total CO, minus CQO, evolved in the absence of enzyme. 
t Carboxylase from Micrococcus lysodeikticus. 

t 0.04 mu acetate buffer, pH 5.6, instead of citrate buffer. 
§ Pigeon liver enzyme. 


inhibitory. It has not been ascertained whether both the d and / forms of 
isocitrate are inhibitory; if only the d enantiomorph were active, its effee- 
tiveness would be quite remarkable. It may be seen that 0.01 M = cis- 
aconitate causes only about 25 per cent inhibition. It should be men- 
tioned, in this connection, that the pig heart extracts used in this work are 
practically free from aconitase. 

In view of the above results, it was deemed of interest to investigate the 
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effect of /-malate and fumarate on oxalacetic carboxylase. ‘Two different 
enzyme preparations were used, the partially purified enzyme from Micro- 
coccus lysodeikticus and a purified preparation from pigeon liver free from 
fumarase (7). The results (Table III, Experiments 4 and 5) show that 
0.02 M /-malate is strongly inhibitory in both cases. There was no signifi- 
cant inhibition by 0.02 m fumarate with the pigeon liver enzyme, but it 
inhibited in the case of the bacterial enzyme; this latter result might be due 
to the presence of fumarase in the preparation. 

Since inhibition of the enzymatic decarboxylation of OSA and OAA by 
isocitrate and malate, respectively, might be due in part to binding of 
Mn** by the hydroxy acids, their effect on the decarboxylation catalyzed 
by Al*** (1) was tested. Al*** was used because, in the absence of en- 
zyme, it is much more effective than Mn** in accelerating the decarboxyla- 
tion of the two 8-keto acids. The initial rate of the Al*+*+* decarboxylation 
of OSA and OAA was inhibited 25 per cent by 0.02 m dl-isocitrate and 35 
per cent by 0.02 M malate respectively. This suggests that, while some 
inhibition of the enzymatic decarboxylation may be due to binding of Mn*t* 
by the hydroxy acids, the main mechanism is competition between hydroxy 
acid and keto acid for the enzyme. This is further proof of the remarkable 
structural specificity of these enzymes with regard to their substrates. 
Lwoff ef al. (8) have recently shown that the decarboxylation of OAA by 
resting cell suspensions of a mutant strain of \Jorarella lwoffi is strongly 
inhibited by malate. 

The activity of oxalosuccinic carboxylase remains unchanged after dialy- 
sis against running tap water up to 12 hours. When precipitated by ace- 
tone at low temperatures, the activity can be recovered almost quantita- 
tively in an aqueous solution of the precipitate. Acidification of the 
dialvzed extracts to pH 5.2 at O° causes some flocculation and the almost 
complete disappearance of oxalosuceiniec carboxylase activity from the 
supernatant. No activity could be recovered by redissolving the precipi- 
tate in water with the help of a few drops of dilute alkali (to pH about 7.4) 
either in testing this solution alone or in combination with the supernatant. 
Work on the purification of the enzyme is in progress. 

Distribution— -All of the enzyme extracts, with the exception of those from 
pigeon liver, were prepared and dialyzed as described in the section ‘‘Meth- 
ods.’ Pigeon liver extracts were prepared as described by Evans, 
Vennesland, and Slotin (4) and were used without previous dialysis. For 
calculation of the Qco, values, the protein content of the extracts was de- 
termined by the biuret reaction according to Robinson and Hogden (9). 
Table IV shows the results of tests of oxalosuecinie carboxylase activity in 
extracts of various tissues and, for comparison, those of corresponding tests 
for oxalacetic carboxylase. The latter tests were carried out either with 
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citrate buffer, pH 5.6, 2.e. under the conditions of the oxalosuccinic car- 
boxylase tests, or with acetate buffer, pH 5.0, according to the method of 
Evans, Vennesland, and Slotin (4). 

It will be observed that oxalosuccinic carboxylase is widely distributed 
in animal tissues. Among the tissues tested, pig heart, pigeon breast 
muscle, and pig kidney exhibited the highest activity. The high activity 
of heart and pigeon breast muscle indicates that the enzyme is present. in 
high concentrations in tissues having a very active, and predominantly 


LV 
Distribution of Oxalosuccinic Carborylase in Animal Tissues 


Tests with citrate buffer, 0.018 m citrate buffer, pH 5.6, and 3.6 micromoles of 
MnCl; made up with enzyme, substrate, and water, to a volume of 2.8 cc. Tests 
with acetate buffer, 0.025 m acetate buffer, pH 5.0, and 1.0 micromoles of MnCl, 
made up with enzyme, substrate, and water, to a volume of 2.0 ce. Gas, air; tem- 
perature, either 14-16° (oxalosuccinic carboxylase tests) or 25° (oxalacetic carboxy! 
ase tests). Substrates (oxalosuccinate, 18 micromoles; oxalacetate, 28 micromoles) 
tipped in from side bulbs of Warburg vessels after temperature equilibration. Qco, 
= ¢.mm. of CQO, evolved (in excess of samples without enzyme) per hour and mg. of 
protein, calculated for the first 5 minutes after addition of substrate. 


oxalacetate 
oxalosuccinate 


Citrate buffer Acetate buffer 
Pigeon breast muscle.............. 740 5 | 0) 
Pig kidney. 230 14 | 0) 
Monkey braint . 45 17 


* Enzyme prepared by the method of Evans, Vennesland, and Slotin (4) 
t Acetone powder prepared in a Waring blendor (kindly supplied by Dr. E. 
Racker). 


aerobic, type of metabolism. On the other hand, as already pointed out 
by Evans et al. (4), oxalacetic carboxylase exhibits a more restricted distri- 
bution and, under the conditions chosen for extraction and testing, the 
enzyme appears to be absent from muscle, whether cardiac or skeletal 
(cf. (4)). When tested by the method of Evans ef al., with acetate buffer 
of pH 5.0, pigeon liver is the only tissue having a marked oxalacetic carboxy- 
lase activity. Vennesland ef al. (10) have recently demonstrated the 
presence of oxalosuccinic carboxylase in parsley root preparations. 

The high oxalosuccinic carboxylase activity of pig heart and pigeon breast 
muscle extracts and the relatively low activity of the same enzyme in 
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pigeon liver extracts call for some comment. Moulder, Vennesland, and 
Evans (11) discovered that pigeon liver extracts catalyze a dismutation 
between citrate and pyruvate, to yield a-ketoglutarate, COs, and lactate, 
whereas pig heart or pigeon breast muscle extracts failed to catalyze such 
a reaction unless supplemented with a partially purified preparation of 
oxalacetic carboxylase from pigeon liver. ‘This result was considered as 
indirect proof for the existence of an oxalosuccinic carboxylase in pigeon 
liver. It is clear from our results that the failure of pig heart and pigeon 
breast muscle extracts to catalyze the above dismutation cannot be due to 
lack of oxalosueccinic carboxylase. In this laboratory, we have succeeded 
in obtaining the Evans dismutation with pig heart extracts, supplemented 
with lactic dehydrogenase, by use of isocitrate rather than citrate (12). 


Methods 


Preparation of Extracts Phosphate extracts of washed, acetone-dried 
tissues were prepared by the method described by Straub (13) to obtain 
solutions of malice dehydrogenase. These extracts were dialyzed against 
running tap water for at least 6 hours, and a small amount of precipitate, 
formed on dialysis, was removed by centrifugation at low temperature. 
The extracts lose activity only very gradually if kept at 4°, and can be used 
for several days. Extracts prepared in this way from pig heart contain 
from 3 to 5 mg. of protein per ec. The heart muscle extracts are richin 
oxalosuecinie carboxylase and isocitric and malic dehydrogenases; they are 
practically free from both lactic dehydrogenase and aconitase, which are 
largely removed by the preliminary washing of the minced tissue and 
destroved (especially aconitase) by the acetone treatment. Their content 
of t-glutamic dehydrogenase is also very low. 

Manometric Tests» -Details of the manometric tests for oxalosuccinie 
‘arboxvlase are given in the tables and figures. After the various reaction 
components except the enzyme are measured into the main space of the 
Warburg vessels, the vessels are placed on ice. The OSA solution is pre- 
pared at this time as described in Paper I (1) and, after measuring the en- 
zyme into the main space, the ice-cold oxalosuccinate is placed in the side 
bulbs. The temperature of the bath is maintained at between 14-18%. 
Oxalosuccinate is tipped in after 5 minutes of temperature equilibration. 
A blank is always run without enzyme to determine the rate of spontaneous 
decarboxvlation of OSA. The pH of the buffer (5.6) must be carefully 
controlled, because at pH 5.2 flocculation and inactivation of the carbox- 
Vlase occur. 

On the basis of results obtained in a spectrophotometric study of the 
decarboxylation of OSA (6), a very sensitive and rapid optical test has been 
developed for oxalosuceinic carboxvlase. 
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SUMMARY 


The decarboxylation of oxalosuccinic acid to a-ketoglutaric acid and 
carbon dioxide is markedly accelerated by an enzyme present in extracts of 
washed, acetone-dried pig heart, pigeon breast muscle, pig kidney, and 
other animal tissues. Oxalosuccinic carboxylase is thermolabile and _ re- 
quires Manganous ions for activity. The enzyme is specific for oxalo- 
succinic acid; it does not act on oxalacetie acid. 

The enzymatic decarboxylation of oxalosuccinic acid is strongly inhibited 
by isocitric acid in a competitive manner; citric, a-ketoglutaric, oxalacetie, 
and pyruvic acids do not inhibit, while czs-aconitic acid is weakly inhibitory. 

Oxalacetic carboxylase does not act on oxalosuccinic acid. The enzy- 
matic decarboxylation of oxalacetic acid is strongly inhibited by malic acid. 


Our thanks are due to Mr. Morton C. Schneider for technical assistance. 
We are indebted to Mr. Alan H. Mehler for the purified oxalacetic carboxyl- 
ase from AJicrococcus lysodetkticus. 
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BIOSYNTHESIS OF TRICARBOXNYLIC ACIDS BY CARBON 
DIOXIDE FIXATION 


Ill. ENZYMATIC MECHANISMS* 
By SEVERO OCHOA 
(From the Departments of Chemistry and Medicine, New York University 
College of Medicine, New York) 


(Received for publication, December 29, 1947) 


As first shown by Martius, the biological breakdown of citric acid pro- 
eeeds through d-isocitric acid' to a-ketoglutaric acid and carbon dioxide 
(1-3). The conversion of citric to isocitric acid is catalyzed by aconitase 
(4-6) and occurs according to Reaction 1, where the figures in brackets 
give the percentage of the three reactants at equilibrium according to 
Martius and Leonhardt (7). 


COOH COOH COOH 
| | | 
CH, CH CHOH 
| ~H.0 +H.0 | 
| +H.O | —H,O | 
CH, CH, 3 CH, 
| | 
COOH COOH COOH 
Citric acid (89.2) cis-Aconitie acid (3.1%)  d-Isocitrie acid (7.7%) 


By analogy with other hydroxy acid dehydrogenases, Martius (1) pos- 
tulated that isocitric acid would first be dehydrogenated to the corre- 
sponding keto acid, 7.e. oxalosuccinic (a-keto-8-carboxyglutaric) acid, and 
assumed that this 8-keto acid would rapidly undergo non-enzymatiec de- 
carboxylation to a-ketoglutaric acid and CQ, (Reaction 2). 


* Aided by grants from the Rockefeller Foundation, the Penrose Fund of the Amer- 
ican Philosophical Society, the Williams-Waterman Fund of the Research Corpora- 
tion, and Hoffmann-La Roche, Inc. 

17 am greatly indebted to Dr. H. B. Vickery for calling my attention to the fact 
that, since aqueous solutions of natural free isocitric acid are deztrorotatory (although 
the acid becomes strongly levorotatory in the presence of molybdenum salts), the 
naturally occurring isomer should be designated as d-isocitrie acid according to the 
nomenclature at present in use. It was through overlooking this fact that natural 
isocitric acid was erroneously referred to as l-isocitrie acid in previous publications 
(9, 14, 19). 

133 


| | 
| 
i 
| 


134 HIOSYNTHESIS OF TRICARBPONY LIC ACTDsS. III 


COOH COOH 
CHOW CO CO 
| ~CO | 
| | (Spontaneous) 
dehydrogenase ) | 
CH, CH, 
COOH COOH COOH 
d-Isocitriec acid Oxalosuceinic acid a Ketoglutarie 
acid 


Wagner-Jauregg and Rauen (8) found that the activity of isocitric 
dehydrogenase was increased by crude ‘‘codehydrogenase’’ preparations 
from red blood cells which presumably contained both diphosphopyridine 
nucleotide (DPN) and triphosphopyridine nucleotide (TPN). 

Using a spectrophotometric technique, Adler, von Euler, Giinther, and 
Plass (3) found that isocitric dehydrogenase catalyzes the reduction of 
TPN, but not that of DPN, by isocitric acid, and further that the system 
requires either Mg** or Mn**, the latter being much more effective. The 
formulation of Martius was accepted but no evidence was obtained for 
the occurrence of two separate steps; 2.e., dehydrogenation and decarboxyla- 
tion. The point of action of Mn** (which was thought to be concerned 
with the dehydrogenation step) and the possible reversibility of the reac- 
tion also remained matters for speculation. Their results were summarized 
in Reactions 2, a and 2, b. 
leocitric acid + TPN.. dehydrogenase) 

(2, a) +Mn’* or Mg** 


oxalosuccinic acid + TPNereg 
(2, b) Oxalosuccinic acid — aketoglutaric acid + CO, 


As previously reported (9), we were able to show that the biological con- 
version of isocitric acid to a-ketoglutaric acid and CQO, is the result of two 
distinct, reversible enzyme-catalvzed reactions (Reactions 3 and 4). 


(Isocitric dehydrogenase ) 
(3) d-Isocitric acid + TPN,., oxalosuccinic acid + TPN rea 


(Oxalosucecinic carboxylase) 
(4) Oxalosuccinic acid +Mntt , a ketoglutaric acid + CQO, 
¢- 


The net result of Reactions 3 and 4 is the over-all reaction, No. 5. 


(5) d-Isocitric acid + a ketoglutaric acid + CO, + 


The above reactions readily occur in dialyzed extracts of washed, ace- 
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tone-dried pig heart. Reaction 5 can be followed spectrophotometrically 
at 340 my, as was done by Adler ef al. (3), owing to the absorption of light 
of this wave-length by the reduced pyridine nucleotide (10). Its progress 
in either direction is easily followed in this way. Reaction 3 occurs in 
the absence of Mn** and is also followed optically. Its reversibility is 
shown by the oxidation of TPN,.g¢. on addition of synthetic oxalosuccinate 
(11). Reaction 4 can be demonstrated by manometric methods to run 
from left to right, z.e. in the direction of decarboxylation of oxalosuccinic 
acid, in the presence of enzyme and Mn** (12). Since the over-all Reac- 
tion 5 is reversible, Reaction 4 must also be reversible. 

The finding of Adler et al. (3) that the system is strictly specific for 
TPN was confirmed. Not only is there no reaction with DPN, but the 
presence of the latter in equimolar concentration does not alter the rate of 
reduction of TPN, indicating that the isocitric dehydrogenase of pig heart 
does not significantly bind DPN. Also, in confirmation of Adler et al., 
inorganic phosphate was found to be inhibitory. 

The facts Just outlined suggest that Reactions 3 and 4 are catalyzed by 
two distinct enzymes, isocitric dehydrogenase and oxalosuccinie carboxy!l- 
ase respectively. However, since no separation of the two activities has 
yet been accomplished after partial purification by fractionation with 
ammonium sulfate, final decision on this point must await further purifica- 
tion. 

It has been possible to determine the equilibrium constants of Reactions 
3 and 5 from which the equilibrium constant of Reaction 4 can be ealcu- 
lated. ‘The equilibrium of Reaction 5 is so far to the right that, as already 
observed by Adler et al., if TPN is present in excess practically all the 
d-isocitric acid is converted to a-ketoglutaric and CO,. ‘This fact makes 
possible a rapid and sensitive enzymatic determination of isocitric acid. 

As is evident from a consideration of Reaction 5, its equilibrium can be 
shifted to the left, 2.e. toward CQO», fixation, by linking it to another de- 
hydrogenase system, of suitable oxidation-reduction potential, capable of 
reducing TPN.x... This has been accomplished by means of the glucose-6- 
phosphate dehydrogenase system of Warburg and Christian (13). The 
following reactions then occur. 


(6) (;lucose-6-phosphate + TPN... 6 phosphogluconte acid + TPNeeg 
(7) a Ketoglutaric acid + CO, + TPN... & isocitrie acid + TPN... 


The net result of Reactions 6 and 7 is the T'PN-linked dismutation, Reae- 
tion §&. 


(8) Glucose-6-phosphate + a ketoglutaric acid + CO, €2 6-phospho- 
gluconic acid + isocitric acid 


i 
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Further shifting of the equilibrium in the direction of CO, fixation occurs 
in the presence of aconitase, since over 90 per cent of the isocitric acid js 
then removed to form cis-aconitic and citric acids (cf. Reaction 1). Be- 
cause the aconitase equilibrium is so far in favor of citrie acid, the over-all 
reaction thus obtained can be written 


(9) Glucose-6-phosphate + a-ketoglutaric acid + CO, = 6-phospho- 
gluconic acid + citric acid 
The isocitric dehydrogenase-oxalosuccinic carboxylase-aconitase system 
can thus play an important part in the biological utilization of CO», and 
may be concerned in the processes of chemosynthesis and photosynthesis. 
‘The enzymes involved are known to be widely distributed in animal, plant, 
and bacterial cells. 
Results 


Properties of Enzyme System—Quartz absorption cells, of 1.0 cm. light 
path, were used throughout this work. The blank cell, for setting at 100 
per cent transmission of light, received exactly the same additions as the 
experimental cell with the exception of TPN which was replaced by an 
equal volume of water. The final volume of the reaction mixtures was 
3.0 cc. The optical measurements were carried out, at room temperature, 
in the Beckman spectrophotometer. The reaction was usually started by 
adding TPN,x. to a mixture of isocitrate and enzyme in glycine buffer, 
pH 7.3. There is no reaction when either isocitrate, TPN, or enzyme is 
omitted. 

As already pointed out by Adler ef al. (3), the affinity between isocitric 
acid and its dehydrogenase is extremely high; under the conditions of the 
optical test, Reaction 5 still proceeds at optimum rates with concentra- 
tions of d-isocitrate as low as 1.2 K 10-9. Since only 50 per cent of the 
synthetic dl-isocitric acid used throughout this work was found to react 
with TPN in the presence of the dehydrogenase, the concentrations of iso- 
citrate given in Table I and Figs. 1 to5 are one-half of the actual concentra- 
tion used. Martius (1) has shown that levorotatory (in the presence of 
molybdenum salts; see foot-note 1) isoecitrie acid is formed by the 
action of aconitase on citric acid; hence d-isocitric acid is the natural form. 

The heart extracts used in this work are practically free from aconitase; 
so that, at the dilutions obtaining in the optical test, there is no reaction 
with either citric or czs-aconitic acid, unless aconitase is added. This is 
illustrated in Fig. 1. These tests were carried out in the presence of added 
Mn++; 2.c., under conditions in which Reaction 5 is obtained. Curve 1 
shows the course of the reaction with isocitric acid, Curves 2 and 3 with 
cts-aconitic and citric acids respectively; these two compounds react only 
after addition of aconitase at the time indicated by the arrow. 
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The amount of heart extract used for each test in the experiments of 
Fig. 1 (0.05 ce.) was much higher than usual, in order to insure an excess 
of isocitric dehydrogenase. For most 0.01 to 0.02 ce. is used. The heart 
extracts contain on the average 3 to 5 mg. of protein per cc.; so that 40 to 
80 y of protein are generally used in a test. Salt fractionation of the 
extract vielded preparations of some 4 times higher specific activity. 


14 


3 


x 10° (ht 340 my) 


Log 


MINUTES 


Fic. 1. Optical tests with isocitric dehydrogenase and aconitase. Reduction 
of TPN.x. determined spectrophotometrically at wave-length 340 me. Quartz 
cells; d = 1.0 em. O03 cc. of 0.1M glycine buffer, pH 7.2, 0.05 cc. of heart extract, and 
1.8 micromoles of MnCl,, with other additions as indicated, made up with water to 
a final volume of 3.0 cc. Temperature, 21°. 0.0662 micromole of TPN... added at 
zero time. Curve 1, with 0.126 micromole of d-isocitrate. (Synthetic dl-isocitrate 
was used throughout in twice the amounts given for d-isocitrate. The / isomer is 
biologically inert.) Curve 2, with 1.26 micromoles of cis-aconitate. Curve 3, with 
1.26 micromoles of citrate. Aconitase (see ‘‘Methods’’) added at the time indi- 
eated by the arrow; Curve 2, 0.02 ce.; Curve 3,0.05 ec. The aconitase fraction used 
contained 30 mg. of protein per cc. 


Isocitric Dehydrogenase—Spectrophotometric evidence for Reaction 3 
can be obtained when no Mn** is added and is given in Fig. 2. It will be 
seen that, with 0.0744 micromole of TPN... and 0.109 micromole of d- 
isocitrate, the reduction of TPN, which is rapid at first, gradually ap- 
proaches an equilibrium which is reached in about 15 minutes, when only 
about three-fourths of the nucleotide is reduced. Addition of synthetic 
oxalosuccinate at this point (Arrow 2) brings about rapid reversion of the 
reaction toward a new equilibrium which can again be displaced in the op- 
posite direction by increasing the isocitrate concentration (Arrow 4). 
At Arrow 3, addition of Mn** is followed by a rapid reduction of the TPN, 
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proceeding almost to completion. ‘This indicates that Reaction 4 is now : 
also in operation. The oxalosuccinate is decarboxylated and the equilib- Be, 


rium obtained corresponds to that of the over-all Reaction 5, which lies ) 
far to the right. ) 

Over-All Reaction—The occurrence of Reaction 5 from left to right was 
established, as already mentioned, through the fundamental work of 
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hic. 2. Reversibility of the reaction catalyzed by isocitric dehydrogenase (Re- 
action 3). Reduction of TPN... and oxidation of TPN,.g determined spectrophoto- 
metrically at wave-length 340 mp. Quartz cells, d = lem. 0.3 cc. of 0.1 mM glycine 
buffer, pH 7.2, 0.01 ec. of heart extract, and 0.109 micromole of d-isocitrate, with 
other additions as indicated, made up with water to a final volume of 3.0 ce. Tem- ' 
perature, 23°. 0.0744 micromole of TPN... added at zero time. Arrow 1 indicates 
the optical density that would be obtained if all of the added TPN were reduced 
when the volume is 3.0 cc. At Arrow 2, either 0.495 micromole (Curve a) or 0.99 
micromole (Curve 6) of oxalosuccinate was added. At Arrow 3, addition of 1.8 
micromoles of MnCl... At Arrow 4, addition of 0.545 micromole of d-isocitrate. 
Curves a and } represent separate experiments. 


— 


Martius and Adler et al. Vhe possibility that this reaction might be re- 
versible was suggested by the observation that the oxidative removal of 
citric acid by heart homogenates was markedly diminished in the presence 
of arsenite, which prevents the further oxidation of the a-ketoglutarate 
formed, so that this keto acid accumulates. When the system was in- 
hibited by malonate instead of arsenite, citric acid was converted to suc- | 
cinie acid + CO, with uptake of 1 mole of oxygen, and its removal was about 
25 per cent faster than in the presence of arsenite ((14), Table 1). It was 
subsequently found in spectrophotometric experiments that a-ketoglutaric 
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acid definitely inhibited the reduction of T'PN by isocitric acid in heart 
extracts. Thus, with 8.5 * 10-° Mo isocitric acid the reaction rate was 
inhibited 26 per cent by 2.3 & 107% m and 41 per cent by 4.6 K 10-3 m 
a-ketoglutaric acid. 

The reversibility of Reaction 5 can be readily shown spectrophoto- 
metrically. On addition of a-ketoglutarate to a reaction mixture con- 
taining heart extract, reduced TPN (TPN,g.), Mn**, and COs, TPNyeg. is 
oxidized, indicating progress of the reaction from right to left. The main 
precaution to be observed in this type of experiment is that, owing to the 
significant absorption by a-ketoglutaric acid at 340 mu, the measurement 
of the keto acid solution into each control and experimental absorption cell 
should be made with the greatest possible accuracy. 

Fig. 3 illustrates the effect of different concentrations of a-ketoglutarate, 
at a constant CO, concentration, on the extent and rate of oxidation of 
TPNeea.. On mixing isocitrate, TPN.x., Mn*+, and heart enzyme, in the 
presence of CQO -containing bicarbonate and glycine buffer, the pyridine 
nucleotide is rapidly reduced. Since at this point the total volume of 
3.0 cc. has not yet been reached, the optical density of the solution is a 
little higher than that corresponding to reduction of all of the TPN present 
when in a volume of 3.0 cc. (indicated by Arrow 1). Addition of a-keto- 
glutarate is indicated by Arrow 2. The sensitive dependence of Reaction 
5 on the concentration of CO» is illustrated by the effect of passing nitrogen 
through the reaction mixture to expel some CQ). This is immediately 
followed by reduction of TPN and readjustment of equilibrium (Fig. 3, 
Curve c, Arrows 3 and 4). Fig. 4 illustrates the effect of different concen- 
trations of CO, on the reversal of Reaction 5. The slow oxidation of TPN 
that occurs on addition of a-ketoglutarate without previous addition of 
bicarbonate-CO, is undoubtedly due to the presence of some CQOy:, partly 
because no special precautions were taken to use CQO+-free solutions and 
partly because of CO, formed from isocitric acid during the preliminary re- 
duction of TPN. It may be seen that, for a given concentration of a- 
ketoglutarate, the rate and extent of oxidation of TPN,« are markedly 
dependent on the concentration of COs. 

The need of Mn** for reversal of Reaction 5 is illustrated in Fig. 5. 
Curve a (Arrow 2), given for comparison, represents the course of Reac- 
tion 5 from the beginning (since Mn** was present from the beginning). 
Curve b, in the absence of Mn**, represents the course of Reaction 3. 
On addition of a-ketoglutarate, at Arrow 3, only a very slow oxidation of 
TPNyrea, occurs, probably owing to the presence of traces of Mn++ or Mgtt 
in the reaction mixture. However, on addition of Mn** (at Arrow 4) 
the rate of oxidation of the reduced nucleotide is significantly increased, 
and the reaction tends to reach equilibrium at the same TPN,...:TPNee. 
ratio as in the control Curve a. 
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Similar results to those so far described in this section are obtained if 
TPN.x. 1s reduced by the glucose-6-phosphate dehydrogenase svstem 
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Fic. 3. Reversibility of the over-all Reaction 5. Speetrophotometric determina- 
tions asin Figs. land 2. 0.3 ec. of 0.1 M glycine buffer, pH 7.2, 0.3 ec. of 0.1m NaHCO, 
previously saturated with 100 per cent ('¢ Jo, 0.01 cc. of heart extract _ 18 micromoles 
of MnCl., and 0.109 micromole of d-isoecitrate, with other additions as indicated, 
made up with water to a final volume of 3.0 cc. Temperature, 22-24°. 0.0744 micro- 
mole of TPN.,. added at zero time. Arrow 1 asin Fig. 2. At Arrow 2. addition of 
a-ketoglutarate; Curve a, 3.42 micromoles; Curve 6, 6.84 micromoles; Curve c, 41.2 
micromoles. At Arrows 3 and 4, a fine stream of nitrogen was blown through the 
reaction mixture for 1 minute to expel CO,. Curves a, 6b, and ¢ represent separate 
experiments. 

Fic. 4. Effect of varving concentrations of carbon dioxide on Reaction 5. Spee- 
trophotometric determinations as in Figs. 1 and 2. 0.3 ec. of 0.1 mM glycine buffer, 
pH 7.2, 0.01 ce. of heart extract, 1.8 micromoles of MnCl., and 0.109 micromole of 
d-isocitrate, with other additions as indicated, made up with water to a final volume 
of 3.0 ec. Temperature, 22-24°. 0.0744 micromole of TPN.x. added at zero time. 
Arrow 1 asin Fig. 2. At Arrow a, addition of 13.7 micromoles of a@-ketoglutarate; 
Curve la, no NaHCO;-CO, present; Curve 2a, 0.15 ec. of 0.1 NaHiCO,-CO, (0.1M 
solution of NaHCO, previously saturated with 100 per cent CO, at room temperature) 
present in the reaction mixture from the beginning; Curve 3a, 0.3 ce. of 0.1 M NallCQs- 
CO, present from the beginning. At Arrow b, addition of 34.3 micromoles of a- 
ketoglutarate; Curve lb, no NaliCO;-COs, present; Curve 2b, 0.3 cc. of 0.1 mM NallCOs;- 
CO; present from the beginning. At Arrow c, addition of 0.1 ee. of 0.1 a NallCO,-COs. 
Curves la, 2a, 3a, 1b, and 2b represent separate experiments. 


(Reaction 6). This procedure has the advantage that the enzyme system 
used for the preliminary reduction of T'PN.,. is different from the one used 
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to oxidize TPN,.g. and, once TPN is reduced, addition of Mn++, a-keto- 
glutarate, and bicarbonate-C©, is without effect until the heart extract, 
containing the isocitric dehydrogenase system, is added. Thus, it serves 
as a control of the experiments previously discussed in this section. This 
type of experiment is illustrated in Pig. 6. At time zero, TPNox. was added 
to a mixture of glucose-6-phosphate and glucose phosphate dehydrogenase 
(Zwischenferment) in glycine buffer of pIl 7.5, and the nucleotide was 
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Fig. 5. Necessity of manganous ions for reversal of Reaction 5. Spectrophoto- 
metrie determinations as in Figs. 1 and 2. 0.3 ec. of 0.1m glycine buffer, pH 7.2, 
0.3 cc. of 0.1m NallCO, previously saturated with 100 per cent COs, 0.01 ec. of heart 
extract, and 0.109 micromole of d-isocitrate, with other additions as indicated, made 
up with water to a final volume of 3.0 ce. Temperature, 22-23°. 0.0744 micromole 
of TPN... added at zero time. Arrow 1 as in Fig. 2. Curve a, 1.8 micromoles of 
MnCl, present from the beginning. Curve b, no MnCl, present at the beginning. 
At Arrows 2 and 3, addition of 27.4 micromoles of a@-ketoglutarate. At Arrow 4, 
addition of 1.8 micromoles of MnC1l,. 


rapidly reduced as indicated by the increase in optical density. That the 
optical density reached is higher than that corresponding to complete 
reduction of the nucleotide present when in a volume of 3.0 cc. is again due 
to the fact that the volume of the reaction mixtures at this time is less than 
3.0 ce. pending addition of further reactants. It will be observed that on 
addition, at Arrow 2, of a-ketoglutarate, MnCh, and CO.-saturated sodium 
bicarbonate there is an immediate drop of the optical density due to dilu- 
tion of the reaction mixture. There is no other change, however, until, at 
Arrow 3, heart extract is added, when a rapid oxidation of TPN sets in 
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(Curve a) until a balance is reached when the reduction of TPN... by Reae- 
tion 6 is compensated by the oxidation of TPN, by Reaction 7. The 
over-all reaction occurring under this condition is Reaction 8, which will 
be discussed in more detail in a following section. Curve ) was obtained 


| 
© 
~ 
oud 
4 
2 
0 4 
0 5 10 15 20 25 30 
MINUTES 


Fig. 6. Demonstration of the reversibility of Reaction 5 with the glucose-6- 
phosphate dehydrogenase system for the preliminary reduction of TPN. Spectro- 
photometric det -rminations as in Figs. | and 2. 0.3 ec. of 0.1 M glycine buffer, pH 
7.5, 0.2 ec. of glucose phosphate dehydrogenase (5 mg. per ce.), and 3.23 micromoles 
of glucose-6-phosphate, with other additions as indicated, made up with water toa 
final volume of 3.0 ce. Temperature, 22-23°. 0.0744 micromole of TPN,, added at 
zero time. Arrow 1, asin Fig. 2. At Arrow 2, addition of 0.3 ce. of 0.1 uw NaHCO, 
previously saturated with 100 per cent CO., 1.8 micromoles of MnCl,, and 34.3 micro- 
moles of a-ketoglutarate (Curve a) (decrease of optical density at this point is caused 
by the dilution of the reaction mixture to almost its final volume of 3.0 ec.). 
At Arrow 3, addition of 0.02 cc. of heart extract. Curve 6,no MnCl, added at Arrow 2; 
1.8 micromoles of MnCl, added at Arrow 5. Curve c, no a-ketoglutarate added at 
Arrow 2: addition of 34.3 micromoles of a-ketoglutarate at Arrow 4 


on addition of heart extract, at Arrow 3, to a reaction mixture to which no 
Mn**+ was added, at Arrow 2. Even though there is a marked drop of 
optical density, it is not as rapid as that of Curve a, indicating that the 
Mn** concentration is limiting. In fact, addition of Mn**, at Arrow 5, 
markedly speeds up the reaction. This again shows that Mn** is needed 
for reversal of Reaction 5. The fact that, in these experiments, the reac- 
tion occurs without Mn** addition is probably due to the presence of Mn** 
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(and Mg**) in the crude preparation of Zwischenferment. Curve ¢ corre- 
sponds to a sample which had not received a-ketoglutarate at Arrow 2. 
The drop of optical density on addition of heart extract at Arrow 3 is again 
due to dilution of the reaction mixture; then the absorption remains sta- 
tionary until, at the time indicated by Arrow 4, a-ketoglutarate is added. 

The reversibility of Reaction 5 has been recently confirmed by Grisolia 
and Vennesland using CO. (15). The reaction has also been found to 
occur in parsley root preparations (16). 

Equilibrium Constants—The equilibrium constant of Reaction 5 can be 
easily determined by the spectrophotometric method, since, within certain 
limits, if the initial concentration of reactants is known, the concentra- 
tions at equilibrium will be determined by the ratio TPN,...:TPNoeeg.. 

The measurements were carried out as follows: To the absorption cells 
were added isocitrate, a-ketoglutarate, 0.02 Mm NaHCQOs (equilibrated with 
the desired mixture of nitrogen and carbon dioxide), MnCl, heart extract, 
and water to make a volume of 2.0 cc., and the solutions were equilibrated 
with the N»-CO, gas mixture which was bubbled through the reaction mix- 
tures in a fine stream for 3 minutes. After a zero time reading of the op- 
tical density was taken, 0.1 ec. of water was added to the blank and 0.1 
ec. of TPN to the experimental cell; the reaction mixtures were again gassed 
for 2 minutes and the cells were closed with their covers, a little vaseline 
being used on the lids to insure tight closure. Readings were then taken 
until the optical density remained constant, indicating attainment of 
equilibrium; with the amount of heart extract used this occurred within 
3to4 minutes. The measurements were carried out at room temperature 
(21-23°), no special precautions being taken to insure temperature con- 
stancy in the absorption cells. The concentrations of CO, and bicarbonate 
in each experiment were so chosen that, from the Henderson-Hasselbalch 
equation, pI] 6.87 should be obtained assuming pk; = 6.14. The pli of 
the reaction mixtures was always determined with the glass electrode at 
the end of each run and varied between pIl 6.8 and 7.1. 

The eoncentrations of d-isocitric acid in the solutions used for these 
experiments were previously determined enzymatically as described under 
“Methods.” Since the concentrations of a-ketoglutarate and COs are 
very large by comparison with those of TPN and isocitrie acid, their varia- 
tion In a given experiment can be neglected; hence they have been assumed 
to be constant in the calculation of the individual equilibrium constants. 
The value used for the CO, concentration was the one calculated from the 
absorption coefficient (a) of CO, by water, at the experimental temperature 
and CQO, partial pressure corrected for the water vapor pressure. The 
average room temperature of 22° was used in this calculation. This value, 
expressed as (HCO), gives the total concentration in solution of free CO. 
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as well as of undissociated H,CQO3. Since the equilibrium of Reaction 4 
is probably dependent on the concentration of free CO» in solution, the 
values for the constants obtained from (HsCO;) must be considered to 
contain the hydration equilibrium constant of CO». 

The results of a series of measurements, in which the concentrations of 
CO: and a-ketoglutarate were varied within wide limits, are given in Table 
[. The average value for the equilibrium constant (A,) of the over-all 


TABLe | 
Equilibrium Constant of Over-All Reaction d-lsocitric Acid + 
Ketoglutaric Acid + COs + TPN,.4. (Reaction 5) 
0.02 ec. of heart extract, 1.8 micromoles of MnCl., and various amounts of 0.2 
m NaHCO; made up to a volume of 3.0 ce. with additions as indicated. Gas, N, 
with various concentrations of CO:; temperature, 21-23°; pH of reaction mixtures 
at the end of the experiment 6.8 to7.1. Quartz cells; d = 1.0 em. 


Concentration of reactants 
at equilibrium, 
moles X 107? per cc. 


Con- Initial concentration of reactants, 
Ex- | centra- moles X 1077 per cc. 


peri- | tion = k 

No. in gas | = d-Isoci- a-Keto- 4-Isoci 

| per cent | 1077 | < 1074 
per cc. 
1 6.0 100 | 0.2392 0.2724 114.0 18.6 0.1662 0.1062 0.1330 0.98 
2 | 5.0. 100 | 0.2392 0.5448 114.0 18.6 0.3798 0.1650 0.0742 O.S81 
3 5.0 ' 100 | 0.2392 0.2724 45.6 18.6 0.1464 0.1260 0.1132 1.55 
4 5.0 100 | 0.2392 0.2724 45.6 18.6 0.1514 0.1210 0.1182 1.75 
5.0 100 0.2392 0.2724 22.8 18.6 0.1146 O.1578 O.OS14 1.39 
6 10.0 | 200 | 0.2392, 0.2724 91.2, 37.3 0.1997 0.0727 0.1665 1.34 
7 21.0 420 0.2392 0.2724 22.8 78.0 0.1751 0.0973 0.1419 1.43 
Ss 2.0 | 640 § 0.2392 0.2724 22.8 118.0 0.1848 0.0876 0.1516 1.19 
9 47.0 940 | 0.2392 0.5448 45.6 174.0 0.4873 0.0575 0.1817 1.94 
10 2.8 0.2392 0.2724 114.0 10.6 0.1514 0.1410 0.0982 0.76 
Reaction 5, at the pH and temperature given, was 
(d-Isocitrate) (TPN...) 
Ko 13 10% 


(a-Ketoglutarate) (H.CO,;) (TPN,., ) 


The rather large variations between individual values may be due, in part, 
to the variations in temperature between individual experiments. It 
may be pointed out that Reaction 5 should more properly be written 


d-Isocitrate™ + TPN* = a-ketoglutarate™ + CO, 4+ TPNH 


The equilibrium constant of Reaction 3 can be determined in the same 
However, the instability of oxalosuccinic acid makes an accurate 


manner. 
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estimation of this constant rather difficult, and it seems desirable to post- 
pone sch measurements until purer preparations of isocitrie dehydrogenase 
become available. An approximate estimate has, however, been obtained 
from data such as those used in big. 2. The approximate value of K; = 
((d-isocitrate) (TP (TPN) was about 0.3 at pH 
72 and 23°. 


II 
Enzymatic Identification of d-Isocitric Acid Formed by Reaction 8 


1.0 ce. of heart extract and 2.0 ce. of glucose phosphate dehydrogenase (5 mg. per 
ec.) made up to 16.0 with additions including 64 micromoles of glucose-6-phosphate, 
680 micromoles of a-ketoglutaric acid, 1.3 micromoles of TPN, 2.0 micromoles of 
MnCh, glycine buffer, pH 7.5 (final concentration 0.018 mM), and 6.0 ec. of 0.1 m 
NaHCO, previously saturated with 100 per cent CO, at 20°. pH of reaction mixture 
7.2. After ineubation for | hour at 20°, protein was precipitated with trichloroacetic 
acid, the supernatant was treated with barium acetate, and the barium salts were 
fractionated as described in the text. The fraction of barium salts insoluble in 35 
percent ethanol at pH7.3 was used. It was dissolved in dilute HCI, the barium was 
removed with Na oSQ,, and the solution neutralized to pHi 7.3 with dilute NaOH. 
Aliquots of this solution were incubated with the aconitase preparation described 


in the section ‘‘Methods.’ 


Time of incu- | 4 acid Citric acid 


bation with 
aconitase at 25° found® foundt 
min + 
Experiment 1. 1 ce. aliquot + 1 ec. acom 0 182.0 
tase 5 12.6 
Experiment 2. 3 ce. aliquot + 3 ce. 0) 546.0 45.0f 


tase 10 450.0 


* Determined enzymatically with isocitrie dehydrogenase. 
Determined chemically. 
t Approximate value; too low for accurate determination. 


The equilibrium constant (A.) at pil 7.2 of the carboxylase reaction, 
te. Reaction 4, «an be caleulated from the values of Ay and K;. 
(Oxalosuccinate) Ko 1.3 x 1074 


= = 10% 


A = 
(« Ketoglutarate) (CO,) K; 0.3 


This value is close to that of 0.2 & 107% calculated from free energy data 
by Evans, Vennesland, and Slotin (17) for the reaction catalyzed by oxal- 
acetic carboxylase; 1.C., oxalacetate pyruvate Yo. 

Dismutation between Glucose-6-phosphate and a-letoglutarate + CO.—As 
mentioned above, the synthesis of isocitric acid by reversal of Reaction 5 
ean be markedly increased by dismutation with glucose-6-phosphate (Re- 
action 8). Under these conditions enough isocitrie acid is obtained for 
identification. ‘lable I] presents such an experiment. After incubation, 
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the reaction mixture was deproteinized witb an equal volume of 10 per 
cent trichloroacetic acid, and the supernatant was cooled in ice and neu- 
tralized with NaOH to pH 6.0. After 5 ec. of 25 per cent barium acetate 
were added, and sufficient dilute NaOH to bring the pH to 7.3, a small 
amount of precipitate was centrifuged off and discarded. The supernatant 
vielded, on addition of 0.5 volume of ethanol, 69.8 mg. of a crude barium 
salt which contained 2.2 mg. of d-isocitric acid as determined enzymatically, 
Addition of another 0.5 volume of ethanol yielded 69.3 mg. of barium salt, 
with only traces of isocitric acid. As is shown in Table II, an aliquot of 
the first barium salt containing 182 y of d-isocitrie acid, determined en- 


Enzymatic Synthesis of Tricarborylic Acid by Dismutation between a-Ketoglutar- 
ate + COs. and Glucose-6-phosphate, with and without Aconitase (Enzy- 
matic Determination of Isocitric and Total Tricarborylic Acids) 

0.2 cc. of heart extract and 0.6 ce. of glucose phosphate dehydrogenase (5 mg. 
per cc.) made up to 2.0 cc. with additions including 25 micromoles of glucose -6-phos- 
phate, 0.15 micromole of TPN, 34 micromoles (5 mg.) of a-ketoglutaric acid, and 
80 micromoles of NaHCO;. Gas, 80 per cent N; and 20 per cent CO.; pH 7.0; tem- 
perature 25°. The reaction was started by tipping in a-ketoglutarate from the side 
bulb of Warburg vessels after temperature equilibration. 


Tricarboxylic acid formed 


Experi Tricarboxyli: 
ment | Sample acid 
No. | determined 10 20 o 120 
| min. | min. min. , min. 
7 7 
1 | Noxeonitase; 2 micromoles MnCl, Isocitric 151 | 202 270 325 
Total 164 225 320 404 
2 se " no MnCl, Isocitric 203 
2 micromoles MnCl, 339 | 
3 0.2 ce. aconitase; 2 micromoles is 18 12 30 | 32 
MnCl. Total 102. 180 408 | 588 


zymatically, lost 169.4 y (or 93 per cent) on incubation with aconitase for 
5 minutes; 12.6 y (or 7 per cent) remained unchanged. ‘This is in good 
agreement with the values obtained by Martius and Leonhardt (7) for 
the aconitase equilibrium; @.e., 7.7 per cent d-isocitric acid and 92.3 per cent 
citric and czs-aconitie acids. A larger aliquot, containing 516 y of d- 
isocitric acid by enzymatic estimation, vielded 450 y of citric acid on 
incubation with aconitase for 10 minutes; t.¢c., 82 per cent of the isocitric 
acid was converted to citric acid. Martius and Leonhardt (7) give 89.2 
per cent citric acid at equilibrium. 

Various other lines of evidence support the occurrence of Reactions 8 
and 9. Table III shows the results of experiments in which the course of 
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the dismutation, both in the absence and presence of aconitase, was fol- 
lowed by separate enzymatic determination, at various time intervals, of 
both d-isocitric acid and total tricarboxylic acids. Although, as previously 
mentioned, the heart extracts are largely devoid of aconitase, when rela- 
tively large amounts of the extract are used and the incubation periods are 
long there is some formation of tricarboxylic acids other than isocitric, 
as may be observed in Experiment 1 of Table III. Experiment 2 shows 
some increase in the svnthesis of isocitric acid when MnCl is added. The 
fact that substantial amounts of tricarboxvlic acid are found in the absence 
of added Mn** must be attributed, as discussed above, to the presence 
of the metal in the crude preparation of Zwischenferment. Experiment 3 
shows, as Was expected trom the predicted equilibrium shift, that, in the 
presence of aconitase, the reaction proceeds faster and farther than in its 
absence; 7.e., more tricarboxyvlic acid is formed in a given time (ef. Experi- 
ments | and 3, especially at 60 and 120 minutes). The ratio of isocitric 
acid to total tricarboxylic acid in Experiment 3, from 20 to 120 minutes, is 
close to that expected for the aconitase equilibrium. 

The course of the dismutation can also be readily followed manometrically 
at pH 7.0 in a bicarbonate-containing medium, owing to the fact that, 
while the absorption of 1 COs epuivalent is compensated by liberation from 
the bicarbonate of another CO, equivalent by the third carboxyl group of 
the tricarboxyvlic acid formed (px, of citric acid at 25°, 5.4), the oxidation 
of glucose phosphate to phosphogluconic acid creates an extra carboxy] 
group Which displaces a COs equivalent. Fig. 7 illustrates the course of 
such a reaction and demonstrates the accelerating action of aconitase. 
The reaction was started by tipping in a-ketoglutarate from the side bulbs 
of the Warburg vessels after temperature equilibration. The keto acid 
was carefully neutralized to the final pH of the reaction mixture in the main 
space. In the absence of a-ketoglutarate there is no reaction, since the 
oxidation of glucose phosphate ceases as soon as the small catalvtie amount 
of TPN is reduced. 

Table IV shows experiments in which the course of the hexose monophos- 
phate-a-ketoglutarate-CQO, dismutation in the presence of aconitase (Re- 
action 9) was followed for periods up to 6 hours; both the disappearance of 
a-ketoglutarate and glucose-6-phosphate and the production of citrate and 


phosphogluconate were determined at various time intervals. As explained 
above, the COs evolution, which was followed on an aliquot of the main 
reaction mixture, is a measure of the formation of phosphogluconate from 
hexose monophosphate. Clucose phosphate, a-ketoglutarate, and citrate 
were determined by chemical methods on aliquots withdrawn from the 
main reaction mixture at the intervals specified in Table IV. The reac- 
tion mixtures were incubated in 100 ee. Erlenmeyer flasks and were equili- 
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brated with a gas mixture of 80 per cent nitrogen and 20 per cent CO, 
throughout the incubation period. It will be observed that while there is 
a fairly good agreement between the CO, evolution (formation of phos- 
phogluconic acid), on the one hand, and the removal of a-ketoglutarate 
and glucose-6-phosphate, on the other, the amounts of citric acid found fall] 
short of the expected values, even if they are increased by 10 or 11 per cent 
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MINUTES 

Fic. 7. Time course of the dismutation between a-ketoglutarate + CO, and glu- 
cose-6-phosphate, with and without aconitase, as determined by the liberation of 
carbon dioxide from bicarbonate caused by formation of phosphogluconic acid. For 
each experiment 0.1 to 0.2 cc. of heart extract and 0.6 ec. of glucose phosphate dehy- 
drogenase (5 mg. per ec.) were made up to a volume of 2.0 cc. with additions including 
0.15 micromole of TPN, 2.0 micromoles of MnCl., and 80 micromoles of NaHCQ,. 
Curve 1, with 0.2 ce. of aconitase, 64 micromoles of glucose-6-phosphate, and 68 
micromoles of a-ketoglutarate. Curve 2, with 0.2 ec. of aconitase, 25 micromoles 
of glucose-6-phosphate, and either 34 (O) or 27.5 (XX) micromoles of a-keto- 
glutarate. Curve 3, with 25 micromoles of glucose-6-phosphate and 34 micro- 
moles of e-ketoglutarate but without aconitase. Gas, SO per cent Nz and 20 per 
cent COs; pH 7.0. Temperature, 25°. The reaction was started by tipping in 
a-ketoglutarate from the side bulb of Warburg vessels after temperature equilibra- 
tion. 


to obtain the value for total tricarboxylic acid. Owing to the crude condi- 
tion of the enzymes used, some side reactions must occur which are re- 
sponsible for the observed discrepancy. The nature of these reactions has 
not vet been investigated. 


DISCUSSION 


The experimental results presented in this paper indicate the possibility 
of extensive biosynthesis of tricarboxylic acids through fixation of carbon 
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dioxide by a-ketoglutaric acid. ‘lhe occurrence of such a fixation is due to 
the reversibility of the reaction oxalosuccinate — a-ketoglutarate + CQOn. 
While the equilibrium of this reaction is far to the right, @.e. in the direction 
of decarboxylation, it can be shifted in the opposite direction through re- 
duction of oxalosuccinate to d-isocitrate by reduced triphosphopyridine 
nucleotide (T'PN,ea.) in the presence of isocitric dehydrogenase. If the 
oxidized TPN (TPN, x.) thereby formed is reduced by an independent de- 
hydrogenase system of suitable oxidation-reduction potential, there occurs 


TABLE IV 


Dismutation between a-Ketoglutarale + CO, and Glucose-6-phosphate in Presence 
of Aconitase (Manometric and Chemical Estimations) 


1.0 cc. of heart extract, 6.0 cc. of glucose phosphate dehydrogenase (5 mg. per 
ee.), and 2.0 to 4.0 ec. of aconitase made up to 20 ce. with additions including 1.3 
micromoles of TPN, 20 micromoles of MnCl,, and 800 micromoles of NaHCQO;. Gas, 
80 per cent N» and 20 per cent CQ.; pH 7.0; temperature, 25°. Evolution of CO, 
determined manometrically with 2.0 cc. aliquots of reaction mixtures. All values 
expressed in micromoles. 


| | Ars. 
1 640 680 2 - $1.2 53.6 | 84.4 
| 6 | 101.6 140.0 156.0 
2 250 2795 0.5 11.2 28.7 
] 36.5 20.8 | 39.0 
2 46.0 30.5 46.7 
59.0 38.2 57.0 
6 44.0 106.0 102.0 
250 279 0.5 46.0 26.3 51.2 
] 51.0 35.0 59.0 
2 77.5 52.8 87.2 | 
3 90.0 60.0 114.0 104.0 
4.5 62.5 127.0 | 125.0 


a further shifting of equilibrium in favor of COs: fixation. The successful 
use of the TPN-specifie glucose-6-phosphate dehydrogenase system for 
such a purpose has already been discussed in the foregoing section. The 
oxidation-reduction potential of this system (reductant) is given by Barron 
(18) as £%) = —0.43 volt at pH 7, while that of the isocitric @ oxalosuccinie 
system (the oxidant) has been estimated, from the approximate value of 
the equilibrium constant reported in this paper, to le in the neighborhood 
of —0.30 volt (19). Essentially, the exergonic oxidation of glucose phos- 
phate is made use of here to drive the endergonic carboxylation of a-keto- 
glutaric acid. An approximate estimate of the free energy change of this 
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carboxylation, from its equilibrium constant, gives « value of about +4000 
ealories (19). Further disturbance of the equilibrium with shifting in the 
direction of COs, fixation occurs, as shown in the previous section, through 
isomerization of d-isocitric to citric acid in the presence of aconitase, owing 
to the fact that the equilibrium of such a reaction is markedly in favor 
of citric acid. The free energy changes of the partial reactions involved 
in this system of CQO, fixation have been discussed elsewhere (19). 

The type of carboxylation reaction here considered (3-carboxylation) is 
to be distinguished from ‘‘reductive’’ carboxylation which, as Lipmann 
(20) discovered, occurs by reversal of the oxidative decarboxylation of 
a-keto acids. The latter reaction involves a much greater change of free 
energy which is supplied in part by energy-rich phosphate through the 
generation of an acyl phosphate bond by reaction with ATP (20). In this 
connection it should be emphasized that the reactions discussed in this 
paper, whether partial or over-all, proceed in either direction in the absence 
of inorganic phosphate and ATP. Further, no generation of phosphate 
bonds is connected with the oxidation of isocitric acid to a-ketoglutaric 
acid and CQO, (14). 

It is tempting to speculate on the possibility that the tricarboxylic acid 
formed by CQ, fixation might break down, possibly by reversal of its as 
yet poorly understood synthesis from dicarboxylic acid and a C, derivative. 
If so, the triearboxvlic acid cycle of Krebs as a whole might be reversible. 
As discussed elsewhere (19), such mechanisms might conceivably be at work 
in photosynthesis and chemosynthesis. 

A question of great interest is whether isocitric dehydrogenase and oxalo- 
succinic carboxylase are distinct enzymes and can catalyze the over-all 
Reaction 5 acting together, or whether this reaction, t.c. the reversible 
oxidative decarboxylation of d-isocitric acid to a-ketoglutaric acid and 
is catalyzed by a single enzyme. While it would appear that the evidence 
presented in this paper favors the former possibility, partial purification 
of the heart extracts has so far failed to separate the two activities. The 
need for caution on this point was stressed by the finding that the reversible 
conversion of /-malate to pyruvate and COs, a reaction identical in nature to 
Reaction 5, is not catalyzed by a combination of malic dehydrogenase (21) 
and a partially purified oxalacetic carboxylase from Micrococcus lyso- 
deikticus in the presence of either DPN or TPN and manganous ions; this 
observation led to the isolation of an enzyme from pigeon liver which, in 
the presence of Mn**, catalyzes the reversible Reaction 10 (22). 


(10) l-Malic acid + TPN,,. pyruvie acid + CO, + TPNees. 


Iixtensive purification of the pigeon liver enzyme? has shown that it also 
‘atalyzes the decarboxylation of oxalacetate to pyruvate and CQ, (but not 


? Ochoa, S., Mehler, A. H., and Kornberg, A., unpublished. 
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the reduction of oxalacetate to /-malate by TPN,.«.), and strongly suggests 
that a single enzyme is involved in the catalysis of Reaction 10. Thus, in 
the case of dicarboxvlic acids, we have a malic dehydrogenase, an oxalacetic 
carboxylase, and, in all probability, another single enzyme that catalyzes 
Reaction 10.) Under these conditions, the possibility that such a situation 
may also obtain in the case of tricarboxvlic acids cannot be discarded until 
a decision can be made through purification of the enzymes involved; such 


work is now In progress. 
Methods 
Enzyme Preparations 


lsocitric Dehydroyenase—-Vhe preparation of pig heart extracts contain- 
ing isocitric dehydrogenase and oxalosuccinic carboxylase has been de- 
scribed in a previous paper (12). Partial purification of the isocitrie de- 
hydrogenase Was obtained as follows: The undialyzed phosphate extract 
was cooled to O° and treated with sufficient calcium acetate solution to 
precipitate the orthophosphate. The calcium phosphate was centrifuged 
off at O° and the supernatant (pH 5.6) was brought to pH 6.2 with NasCO, 
and to 60 per cent saturation at 0° with solid ammonium sulfate; the pre- 
cipitute was filtered off and discarded. Vhe enzyme precipitates as the 
ammonium sulfate is increased to 65 per cent of saturation. The pre- 
cipitate Was dissolved in water and refractionated with ammonium sulfate. 
The fraction between 40 and 5O per cent ammonium sulfate saturation was 
dissolved in water, brought to pH 8.0 with dilute ammonium hydroxide, 
and treated with a suspension of alumina gel (Cy; the alumina was centri- 
fuged off and discarded. This procedure led to a 4-fold increase of the 
speaific activity of isocitric dehydrogenase as compared with that of the 
initial extract. The aetivitv determinations were based on the over-all 
Reaction 5; the rate of reduction of TPN, in the presence of the enzyme, 
and an excess of isocitrie acid, was determined spectrophotometri- 
callv. Under these conditions, the reduction of I’ PN follows a first order 
reaction. Since the initial rate of reduction of TPN was found, within 
certaim limits, to be proportional to the concentration of enzyme, an enzyme 
unit was defined as the amount of enzyme causing an increase in optical 
density (at $40 mu) of 0.01 in the Ist minute. The course of a fractionation 
is summarized in Table V. 

The purified preparations also catalyzed the decarboxylation of oxalo- 
succinic acid, 

Aconitase— the activity of this enzyme was also determined spectro- 
photometrically by measuring the rate of reduction of TPN, in the presence 
of an excess of isocitric dehydrogenase ‘eontaming oxalosuccinic ecarboxy- 
lase) and Aint’, with either citrie acid or czs-aconitie acid as substrate. 
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In the absence of aconitase there is no reaction. In the presence of aconi- 
tase, and under certain conditions which have been worked out by Dr. A, 
Kornberg in this laboratory,’ the reaction is zero order over most of its 
course. 

A crude but very active aconitase preparation was obtained as follows: 
The ventricular muscle of five pig hearts was washed with water, cooled in 
ice, and minced cold. The mince (about S80 gm.) was extracted for 1 hour, 
at 3-4°, with 1 liter of distilled water with occasional stirring; the mixture 
was pressed through gauze and the fluid centrifuged at 0°. The following 
operations were carried out at 0°. To the extract (S10 ce.) were added 
372 gm. of solid ammonium sulfate (65 per cent saturation) under vigorous 
stirring and, after standing overnight, the precipitate was filtered off and 


‘dissolved in 100 ec. of distilled water. A small amount of insoluble materia] 


was centrifuged off. The solution (134 cc.) was dialyzed for about 70 


TaBLe V 
Partial Purification of Isocitric Dehydrogenase 
Step Yield 
unils per she, 
protein 

Ist (NH,).SO, fractionation (0.6-0.65 saturation) . 436 | 14 
2nd (0.4-0.5 saturation) |. 500 6.5 
Supernatant from AIl(OH);........... 670 4.2 


hours against 2 liters of 55 per cent saturated ammonium sulfate; the pre- 
cipitate was centrifuged off at 15,000 r.p.m. and discarded. ‘To the solution 
(56 ec.) were added 8.6 ec. of saturated ammonium sulfate (degree of satura- 
tion with ammonium sulfate, 65 per cent). The precipitate was centri- 
fuged off at high speed and dissolved in 30 cc. of water, and the solution 
was dialyzed for 3 hours against running tap water at 10° and centrifuged 
at high speed to remove a small amount of precipitate formed on dialysis. 
The specific activity of aconitase in this solution is only about twice as high 
as in the initial extract, the main advantage achieved being a much higher 
concentration of the enzyme. ‘The enzyme is very unstable and _ loses 
activity rather rapidly even when stored at 0°. 


Chemical Preparations 


Triphosphopyridine Nucleotide—-TPN was prepared essentially accord- 
ing to the method of Warburg, Christian, and Griese (23). The purity of 
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the preparation was determined spectrophotometrically with isocitrie 
dehydrogenase in the test system of Reaction 5. This is possible because 
the equilibrium of such a reaction is so far to the right that, with an excess 
of isocitric acid, the nucleotide present is practically reduced to completion. 
With the value for the molecular absorption coefficient of TPN,ea. given 
by Warburg (10), 8 = In(Jy) J)/e Xd = 1.3 X 107 (sq. em. per mole), the puri- 
ty of the desiceator-dried preparation was 54.6 per cent. This was in fairly 
good agreement with the value of 50.4 per cent calculated from its phos- 
phorus content, assuming that the molecular weight of TPN is 743. The 
preparation was free from inorganic phosphate, but its ribose content, 
determined by the method of Mejbaum (24), was higher than theory (ribose 
to P ratio, found, 1.05; theory, 0.67). The preparation was free from DPN 
as tested with crystalline triosephosphate dehydrogenase (25), in the 
optical test system of Warburg and Christian, in the presence of arsenate 
(26).4 Its almost complete freedom from adenosine mono- and_ poly- 
phosphates was established by a sensitive spectrophotometric test.? 

Tsocitric Acid—dl-lsocitric acid was prepared by the method of Fittig 
and Miller (27). The crude material obtained after decomposition of the 
barium salt was washed with a little cold ethyl acetate, dissolved in just 
the required amount of ethyl acetate at room temperature, and the solution 
was treated with petroleum ether to a permanent turbidity; the isocitric 
acid crystallized on standing in the ice box. The material melted at 125° 
with softening between 00—100°; 69.8 mg. required 10.5 ec. of 0.1 N NaOH 
for neutralization (in ice water) and the same amount after being boiled, 
indicating freedom from isocitric acid lactone. One-half of the synthetic 
isocitric acid reacts in the isocitric dehydrogenase test; this indicates that 
the product contains only the naturally occurring acid and its enantio- 
morph and is, therefore, dl-isocitric acid (28). By titration with TPN, 
in the optical test of Reaction 5, the purity of the preparation was estimated 
to be 99 per cent. 

Other Preparations-—Glucose-6-phosphate was prepared synthetically by 
the method of Levene and Raymond (29). After being dried tn vacuo 
over P.O;, the barium salt contained 7.6 per cent P (calculated for 
UsHnOoPBa, 7.84 per cent). ezs-Aconitic anhydride was prepared by the 
method of Malachowski and Maslowski (30). The anhydride (m.p. 75°) 
was dissolved in warm ethyl acetate (previously saturated with water at 
room temperature) and the acid crystallized by addition of chloroform to a 
permanent turbidity, as described by and IXggleston (31); it melted 
at 125°. Oxalosuccinie and a-ketoglutaric acids were prepared as pre- 
viously described (11, 32). 


‘T am indebted to Dr. KE. Racker for this determination. 
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Analytical Methods 


Enzymati—In the presence of an excess of TPN, d-isocitrie acid can be 
determined by the optical test system of Reaction 5. Since, as previously 
discussed, the equilibrium of this reaction hes very far to the right, for all 
practical purposes all of the d-isocitric acid present will react, | mole of 
TPN being reduced by 1 mole of d-isocitric acid. In the absence of signifi- 
cant amounts of HCO; ions, a-ketoglutaric acid does not appreciably 
interfere with the estimation, even if present in a relatively large molar 
excess (20- to 30-fold) with relation to isocitric acid. The reaction mix- 
tures whose d-isocitric acid content is to be determined ure treated with 
0.1 volume of 0.2 M acetate buffer, pH 4.0, heated for 2 minutes in a boiling 
water bath, and cooled; the coagulated protein is removed by centrifuga- 
tion. ‘They can also be deproteinized with trichloroacetic acid, filtered, 
and neutralized. In either case the supernatants, which should be clear, 
are practically free from COs. Suitable aliquots, containing a few micro- 
grams of isocitric acid, are used for the estimation. ‘The determination is 
‘arried out in the presence of Mn**, as described above, with sutlicient 
heart enzyme to complete the reaction in a few minutes. ‘The final volume 
of reaction mixture in the absorption cells was 3.0 cc.,d¢d = 10cm. After 
a zero time reading of the optical density at 340 my is taken, the reaction 
is usually started by adding TPN,,.; readings are then taken at frequent 
intervals until there is no further increase in optical density. Our prepara- 
tions of TPN... show a very small absorption at 340 my, which is sub- 
tracted from the final reading. Since the molecular absorption coefficient of 
TPNiw, is B = In(h/D), ¢ X d = 138 X 10° (sq. em. per mole) (10), or the 
extinction coefficient a = log d = 0.5644 & 107 (sq. em. per 
mole), for log’ = 0.01, the concentration ¢ of TPN or d-isocitric 
acid will be « = (0.01/0.5644) & 10-7, or 0.01772 X& 10 * mole per ce. and, 
for a volume of 3.0 ec., 0.0532 & 10-7 mole or (since the molecular weight 
of isocitric acid is 192) 1.02 ¥ of isocitric acid. The quantity in micrograms 
of isocitric acid in the aliquot used, under our experimental conditions, is 
thus obtained by multiplying by 102 the maximum 3 log (/, 7) reached. 
‘This method is rapid, sensitive, and quite specific for d-isocitric acid, even 
if the enzvme preparation used is the crude dialyzed heart extract. lexcept 
for the presence of a very weak glutamic dehydrogenase, these extracts are 
free of dehydrogenases reacting with TPN other than isocitric delwdro- 
yenase (7.¢., glucose and glucose phosphate dehydrogenases and the recently 
described enzyme catalyzing the reversible oxidative decarboxylation of 
malic acid (22)). Since the equilibrium ot the glutamate — a-ketoglutarate 
+ NII; system is far to the side of glutamate (33), glutamic acid does not 
interfere unless present in large amounts. 

Because the heart extracts are practically devoid of aconitase, tricarbox- 
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vlic acids other than d-isocitric acid are not determined by the above method. 
Hlowever, ¢zs-aconitic and citric acids can be roughly determined by addi- 
tion of aconitase to the reaction mixture once the reaction with isocitric 
acid Gif any is present) is complete. Under these conditions, e¢s-aconitic 
acid reacts very rapidly and reduces 1 TPN equivalent. On the other 
hand, the reaction with citric acid is very slow, owing to the unfavorable 
equilibrium, and, even after 30 minutes, only about SO per cent of the citric 
acid has reacted. Thus, for approximate estimations of total tricarboxylic 
acids, after determining d-isocitrie acid, 0.05 to 0.1 ee. of aconitase is added 
and a few readings are taken. If the optical density increases further, 
indicating the presence of other tricarboxvlic acids, the reaction mixture 
is set aside and its optical density at 340 my is determined again after 30 
or more minutes unuil there is no further significant change. 

Chemical Citrie acid was determined in trichloroacetic acid filtrates 
by the method of Croldberg and Bernheim (84). Appropriate blanks and 
at least two controls with known amounts of citric acid were always run 
simultaneously with each series of determinations. (Clucose-6-phosphate 
was determined in tungstic acid filtrates by its reducing power, since it was 
the only reducing substance present in the reaction pkixtures in which prog- 
ress of Reaction © was followed. The method ot Shaffer and Somogv:! 
(35) was used and the copper reagent was standardized with known amounts 
of glucose-6-phosphate. a-Inetoglutaric acid was determined in trichloro- 
acetic neid filtrates by the method of Friedemann and Haugen (36). 


SUMMARY 


Crude solutions of isocitmic dehydrogenase from pig heart catalyze, in 
the presence of TPN and manganous ions, the reversible conversion of 
d-isocitric acid to a-ketoglutaric acid and carbon dioxide. The reaction 
involves two reversible steps: (a) d-isocitric acid + TPN... <2? oxalosuccinic 
acid and (4) oxalosuceimic acid a-ketoglutaric acid + COs. 
Step (b) requires MIn’* but step (a) does not. The available evidence 
suggests that steps (a) and (/) are eatalwzed by two distinet enzymes, 
isocitric dehydrogenase and oxalosuccinic carboxvlase respectively, but 
final decision on this point must await purification of the enzymes involved. 

The equilibrium constant of the over-all reaction 


d-lsocitrie acid a Letoglutarie acid 4 (CO, 
| (d-Isocitrate) (TPN ox.) 
(a-Ketoglutarate) (HeCO,) (TPN..« ) 


Issbout lO indicating that equilibrium lies very far in the direction 
Di decarboxylation. 
The equilibrium can be markedly shifted in the direction of COs fixation 
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by combination with the glucose-G-phosphate dehydrogenase svstem. In 
this case, TPN is reduced according to the reaction, glucose-6-phosphate + 
TPNox. — 6-phosphogluconate + TPN... The net result is the dismuta- 
tion, glucose-G-phosphate + a-ketoglutarate + COQ. = 6-phosphogluconate 
+ d-isocitrate. ‘The tsocitrate formed was isolated as a crude barium salt 
and identified enzymatically with aconitase. 

When the dismutation is carried out in the presence of aconitase, further 
shifting of equilibrium occurs in the direction of COs, fixation, owing to the 
fact that the equilibrium between isocitric, c7s-aconitic, and citric acids, 
whose establishment is catalyzed by aconitase, is predominantly in favor 
of citric acid. 

The above results suggest that the enzyme system oxalosuccinic carboxy- 
lase-isocitric dehydrogenase-aconitase may play an important part in the 
biological utilization of carbon dioxide. 


I am indebted to Dr. erwin Haas for a generous gift of veast glucose-6- 
phosphate dehydrogenase and to Dr. Milton Levy for many helpful sug- 
gestions. My thanks are also due to Dr. Erna Weisz-Tabori for much help 
with chemical preparations and estimations, and to Mr. Morton C. 
Schneider for help with the enzyme preparations. 
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SPEC TROPHOTOMETRIC STUDIES ON THE 
DECARBOXYLATION OF 6-KETO ACIDS* 

By ARTHUR KORNBERG,t SEVERO OCHOA, ann ALAN H. MEHLER 
(From the Departments of Pharmacology and Chemistry, New York University 
College of Medicine, New York) 

‘Received for pubheation, December 24, 1947) 

The decarboxylation of some 8-keto acids of biological importance in 
oxidative inetabolism is Catalyzed by specific enzymes. Some of these re- 
actions are reversible and, in this way, play an important part in the 
biological assimilation of carbon dioxide. Reactions 1, 2, and 3 are cata- 
lyzed by specific enzymes from various sources. 


li 
COOH-CH.-C-CO-COOH + CO, 
COOH 
Qxalosuccimic acid (OSA) a-Wetoglutaric acid 
2 COOH-CH.-CO-COOH CH,y-CO-COOH 4+ CO, 
Oxalacetic acid (OAA) Pyruvie acid 
CH.-CO-CH,- COOH CH;-CO-CH;, + CO; 
Acetoaeetice acid (AAA) Acetone 


Keaction | is catalyzed by an enzyme widely distributed in animal tis- 
sues and present in some plants (1). Oxalacetie carboxylase, which cata- 
lvzes Reaction 2, has been found in bacterin (2), pigeon liver (3), and, to 
some extent, in other animal tissues as well as in plants (4). Mehler e/ al. 
have partially purified this enzyme from \J/icrococeus lysodetkticus. Aceto- 
acetic carboxylase (Reaction 3) has been obtained from acetone bacteria 
in highly purified form (5). 

It is well known that the above s-keto acids are more or less unstable and 
undergo spontaneous decarboxylation in aqueous solution. Their stability 
decreases in the following order: acetoacetic, oxalacetic, oxalosuccinic. 

Krebs (6) observed that the decarboxylation of OAA, but not that of 
AAA, is catalyzed by polyvalent cations, notably by Zn**, Cutt, Fe, 

* Supported by grants from the United States Public Health Service, the Rocke- 
feller Foundation, the Penrose Fund of the American Philosophical Society, and the 
American Cancer Society (recommended by the Committee on Growth of the National 
Research Council). A preliminary report of this work has appeared (Federation 
Proe., 6, 268 (1947). . 

t Division of Phvysiolegy. National Institute of Health, Unmited States Pubhe 
Health Service. 

‘Mehler, A. li. Kornberg, A., Grisolia, 8., and Ochoa, unpublished. 
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Fe***, and Al***. Ca**, Bat*, Mg*+, and Mn** were much less effective. 
OSA was found in this laboratory to react toward cations in the same way 
as OAA (1). Speck? has recently added Cdt*, Co**, and Ni** to the list 
of cations that accelerate the decarboxylation of OAA. 

Although Mnt*, when present alone, is a poor catalyst of the decarboxy- 
lation of OSA and OAA, it is required by the specific carboxylases for ac- 
tivity (1-4). Mg** is much less tifective. Acetoacetic carboxylase does 
not seem to require a metal for aciivity (5). 

The interaction of metals, @-keto acids, and their carboxylases had thus 
iur been studied by manometric methods. By the use of spectrophoto- 
metric methods we have been able to gain some understanding of the under- 
lying mechanisms of these reactions. Our results indicate that cations like 
Al*+* form complexes with OSA, OAA, and AAA in the absence of a pro- 
tein. The complexes formed by Al*** with OSA, and OAA are unstable 
and decarboxylate at a rate faster than that of spontaneous decarboxylation 
of the 8-keto acids, but the AA. complex is stable. While Mg** and Mn*+ 
also form complexes with OSA and OAA in the absence of protein, the ex- 
tent of this complex formation or the lability of the complex is too slight 
to effect rapid decarboxylation. Each of these various complexes has a 
characteristic absorption spectrum in the ultraviolet. Our data also sug- 
gest that the effective catalysis of decarboxylation achieved by oxalosuc- 
einie carboxylase in the presence of Mn** is largely the result of an aeccelera- 
tion of the rate of complex formation. Inthe case of oxalacetic carboxylase, 
it appears that both the rate of complex formation and breakdown are 
influenced. 


Results 


Effect of Metals--The ultraviolet absorption spectra at pH 7.3 of the Na 
salts of OSA, OAA, AAA, and of a-ketoglutaric and pyruvic acids (the de- 
carboxylation products of OSA and OAA respectively) are shown in Fig. 1. 
The absorption of acetone, which is negligible, is not shown. It is evident 
that within a given wave-length range the decarboxylation of OSA and OAA 
should result in a decrease of the optical density of the solution. However, 
the addition of Al*** which, as pointed out above, markedly increases the 
rate of decarboxylation of these acids, results at first not in a decrease, but in 
a sharp inerease of the optical density, followed by a rapid decrease toward 
the level corresponding to the products of decarboxylation.’ This is illus- 
trated in Fig. 2. Al*** has no effect on the absorption of a-ketoglutaric 
and pyruvic acids. In the case of AAA there is also a sharp increase in 

2 Speck, J. F., personal communication. 


> The apparent failure of the optical density to drop to the levels corresponding to 
complete decarboxylation is due to turbidity contributed by aluminum hydroxide. 
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optical density upon the addition of Alt**+. However, the optical density 
remains stationary once the maximum is reached. It will be recalled that 
Al*** does not cause a decarboxylation of this acid. When the maximum 
optical densities obtained at various wave-lengths after addition of Al*+++ 
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Fic. 1. Ultraviolet absorption spectra of 8-keto acids and their aluminum com- 
plexes. Solutions of keto acids adjusted with NaOH to pH about 7.3. Final con- 
centrations, 5 oxalosuccinate and a-ketoglutarate, 2.5 1074 oxalacetate, 
pyruvate, and Al.(SO,);, 2.1 * 103M acetoacetate. Total volume, 2.0 cc. Quartz 
cells; d= 0.5cm. Curve 1, a-ketoglutarate cither with or without Al***; Curve 2, 
oxalosuccinate; Curve 3, oxalosuccinate and Al***; Curve 4, pyruvate cither with 
or without Al***; Curve 5, oxalacetate; Curve 6, oxalacetate and Al***; Curve 7, 
acetoacetate; Curve 8, acetoacetate and Al***. Curves 3, 6, and 8 were obtained 
by plotting the maximum densities reached at each wave-length. The expression 
“molecular extinction coefficient’’ is used only in terms of keto acid coneentration 
and not in terms of keto acid-metal complex concentration, which is unknown. 


to aqueous solutions of each of the three 8-keto acids are plotted, Curves 3, 
6, and 8 (Fig. 1) are obtained. 
These results indicate the Al’ ~~ forms complexes, having characteristic 


This is probably a result of increased pH during decarboxylation. The addition of 
small amounts of acid at the conclusion of the reaction removed the turbidity and 
resulted in conformity of the optical densities to the theoretical conversion of the 
8-keto acids to the corresponding lower a-keto acids. 
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ultraviolet absorption spectra, with each of the above s-keto acids. They 
further indicate that the aluminum complexes of OSA and OAA sare unsta- 
ble and that the keto acid in the complex is readily decarboxylated. On the 
other hand, the aluminum complex of AAA is stable. It should be recalled 
that Fe***, which gives a red color with the three 8-keto acids, accelerates 
the decarboxylation of OSA and OAA as effectively as does Al’ **. This is 
undoubtedly due to the formation of complexes with absorption in the vis- 
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Fic. 2. Time course of spectral changes of oxalosuccinic and oxalacetie acids im 
the absence and presence of aluminum ions. Final concentrations, 2.4 K 10% 
keto acid. Wave-length, oxvalosuccinate 252 my, oxalacetate 270 my. Other data 
asin Fig. 1. Curve la, oxalosuccinate; Curve 2a, oxalosuccinate and 1.25 
Curve lb, oxalacetate; Curve 2b, oxalacetate and 1.25 ALCSO, 


ible range of the spectrum. The fact that the color given by Fe’) * with 
OSA and OAA fades rapidly, whereas that given with AAA is stable, demon- 
strates the similar stability of the Fe’ ~* and Al’ ** complexes. 

Since Mn** is required for the activity of oxalosuccinic and oxalacetic 
carboxylases, its effect on the ultraviolet absorption of the keto acids was 
determined. The changes produced, although slight, are definite (Tig. 3: 
cf. Curves | and 2, 4 and 5). Mn** does not alter the absorption by a-keto 
glutaric and pyruvie acids. ‘The effect of Mg*t* on the spectrum of OSA 
and OAA is qualitatively similar to that of equimolar concentrations of 
Min’ *, although somewhat less marked. When followed in time at a given 
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wave-length, the effect of Mn** on OSA is similar to, but much less pro- 
nounced than, that of Al***; there is an increase followed by a decrease of 
the optical density (Fig. 4, Curve 1). Hence Curves 2 and 5 in Fig. 3 were 
obtained by plotting against the wave-length the maximum optical density 
reached after addition of Mn** to the keto acids, as was done in the case of 
Al’. Pheretore, Curves 2 and 5 of Fig. 3 represent the approximate ab- 
sorption spectra of the manganese complexes of OSA and OAA respectively. 


¢) * 


230 


WAVELENGTH (my) 


hic. 3. Ultraviolet absorption spectra of 8-keto acids and their manganese com 
plexes. Final concentrations, 1.67 K 10°4Mm oxalosuccinate, 2.5 K 10°4Mm oxalacetate. 
Total volume, oxalosuccinate samples 3.0 ec. (d = 1.0 em.), oxalacetate samples 2.0 
ce. (d =0.5em.). Other data asin Fig. 1. Curve 1, oxalosuccinate; Curve 2, oxalo- 
succinate and 1.67 * 10 4m MnCl; Curve 3, oxalosuccinate, MnCl., 0.02 ce. of en- 
zyme (pig heart extract), and 0.134 Mm KCI; Curve 4, oxalacetate; Curve 5, oxalacetate 
and 5 ®& 104s MnCl... Curves 2, 3, and 5 were obtained by plotting the maximum 
densities reached at each wave-length. 


Ovalosucecnte Carboxrylase— As mentioned above, this enzyme has been 

found in manometric studies to require Mn’ for activity, Mg’ being in- 
effective at similar concentrations (1). Spectrophotometrically, addition of 
oxalosuccinic carboxylase to OSA results in a slight increase in optical den- 
sity at 240 mu, followed by a gradual decrease.4. With both enzyme and 


‘This effect of the enzyme, in the absence of added Mn**, may be due to the pres- 
ence of small amounts of this metal in the crude enzyme preparations used. The 
effect largely disappears after the enzyme is dialyzed against pyrophosphate at pH 
S.4, followed by dialysis against KC] to remove the pyrophosphate. 
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Mn present, there is a large and rapid increase in density, succeeded by a 
prompt decline to a value approximating that of a-ketoglutaric acid. These 
results are shown in Fig. 4 (Curves 1, 2, and 3). Potassium chloride 
(0.134 m) inhibits the increase in density associated with the addition of 
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Fic. 4. Spectral changes connected with the enzymatic decarboxylation of oxalo- 
succinic acid. Final concentrations, 1.67 * 10-4 oxalosuccinate, 1.67 107-4 
MnCl,.. Total volume of reaction mixtures, 3.0 ec. (d = 1.0em.). Wave-length, 240 
mp. Other data asin Fig. 1. Curve 1, oxalosuccinate and MnC].; Curve 2, oxalo- 
succinate and 0.1 cc. of enzyme (pig heart extract); Curve 3, oxalosuccinate, MnCh, 
andenzyme. Curves la, 2a, and 3a, the same as Curves 1, 2, and 3, respectively, but 
each with 0.134 m KC] in addition. 


Mn*~ alone (cf. Curves 1 and la, Fig. 4), but it greatly augments the changes 
resulting from the addition of oxalosuccinic carboxylase with Mn*~* and, 
to a lesser extent, those caused by the carboxylase without Mn**. These 
striking effects of potassium chloride are shown in Fig. 4 (cf. Curves 2 and 
2a, 3 and 3a); the actual peak of Curve 3a was reached too early to permit 
accurate measurement. The action of potassium chloride is probably an 
unspecific effect of increased ionic strength, since the effects of potassium 
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bromide (0.134 mM) and sodium chloride (0.134 mM) were indistinguishable 
from those of potassium chloride. The manometric data in Table I verify 
the stimulatory effect of potassium chloride on oxalosuccinice carboxylase 
activity. 

The ultraviolet spectrum obtained by plotting maximum optical density 
against wave-length after the addition of OSA to carboxylase and Mn** is 
shown in Fig. 3 (Curve 3). ‘This curve is closely related to that given by 
OSA and Mn** in the absence of oxalosuccinie carboxylase (Curve 2), con- 
stituting merely a quantitative exaggeration of the deviation of Curve 2 
from that of the OSA spectrum (Curve 1). ‘This fact clearly indicates that 


TaBLe I 
Effect of Potassium Chloride on Enzymatic Decarborylation of Oxalosuccinic Acid 


The Warburg vessels contained 0.021 mM citrate buffer of pH 5.6 and 0.007 m oxalo- 
succinic acid (adjusted with NaOH to pli 5.6), either with or without enzyme, 
0.0013 m MnCl, , and 0.134 m KCl, as indicated. Final volume 2.8 ec. Air in gas 
phase. Temperature, 16°. Oxalosuccinate tipped in from side bulb after tempera- 
ture equilibration. 


Additions Pig heart extract (1.6 mg. protein) protein) 
| Changedue | | Change due 
toenzyme | enzyme 
c.mm. c.mm. C.mm. | c.mm. 
51 33 | 
Enzyme and Mn**...... ee 138 87 86 | 53 
42 | | 
Enzyme, Mn**, and KCl... 190 148 114 | 81 


oxalosuccinic carboxylase increases the rate of formation of the OSA-Mn 
complex. 

When Mg** is substituted for Mn** at similar concentrations, the addi- 
tion of oxalosuccinic carboxylase to a mixture of OSA and the cation, 
whether in the absence or presence of IXC'l, produces little or no spectropho- 
tometric change beyond that obtained on mixing OSA and Mg** in the ab- 
sence of the enzyme. ‘This is in agreement with the observed ineffective- 
ness of Mg** in manometric experiments. Since Mg*t*+ and Mn*++ bring 
about similar changes on the absorption of OSA, it would appear that the 
ineffectiveness of Mg** with oxalosuccinic carboxylase is due to lack of 
affinity between the protein and this metal. 

Further evidence that the spectrophotometric changes observed on mix- 
ing oxalosuccinic carboxylase and OSA, in the presence of Mn**, are strictly 
specific and intimately related to the decarboxylation of the keto acid is 
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furnished by (a) the failure of oxalosuccinic carboxylase to produce any et- 
fect on OAA either in spectrophotometric or manometric (1) experiments, 
and (b) the absence of either spectrophotometric or manometric (1) effects 
of oxalacetic carboxylase on OSA. All these results indicate that there are 
two factors involved in the formation of an active oxalosuccinic carboxylase 
system: the possibility of complex formation between 6-keto acid and metal, 
and the specific affinity of the enzyme for each of these. 
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kia. 5. Spectral changes of Oxalosuceinate decarboxylation at various enzyme 
concentrations. All samples contained 1.67 K 10°4 oxalosuccinate, 1.67 
MnCh, and 0.134m KCl. Total volume of reaction mixtures, 3.0 ce. (d = 1.0 em.). 
Wave-length, 240 my. Other data asin Fig.1. Curves 1, 2, and 3, 0.08, 0.02, and 0.0} 
ce. of enzyme (pig heart extract) respectively. The arrows at the lower left indicate 
the times at which maximum optical densities were reached in each case. 


The curves in Fig. 5 demonstrate that there is some proportionality be- 
tween the concentration of oxalosuceinic carboxylase and the maximum op- 
tical density in the presence of constant amounts of MIn®” and keto acid. 
It will be observed, in addition, that the time for attainment of the maxi- 
mum value is related inversely to the enzyme concentration, and also that 
the rate of subsequent fall of optical density roughly parallels enzyme con- 
centration. These results suggest a rapid and sensitive optical test for ox- 


alosuecinie carboxylase. 

Determination of the optimum concentrations of and Min’ was 
made with a constant amount of enzyme with the maximum density as a 
measure of activity. Under these conditions the optimum concentration of 
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TaBLe Ii 
Comparative Effectiveness of Mg** and Mn** on Oxalacetic Carborylase of 
Micrococcus lysodeikticus 
The Warburg vessels contained 0.025 mM acetate buffer, pH 5.0, 0.0095 m oxalacetic 
acid (adjusted with NaOli to pif 5.0), and 0.5 mg. of enzyme. Other additions as 
indicated. Final volume2.0cc. Airin gas phase. ‘Temperature, 25°. 


Change due to meta! 
c.mm., c.mm., 
16 

x 2) 5 
1x 10°% 4s 32 
4x lo 64 45 
s xX 37 21 
2X 10-¢ 70 54 
5 10° S4 6S 


* During 5 to 15 minutes after tipping oxalacetate from the side bulb. 
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bic. 6. Spectral changes connected with the enzymatic decarboxylation of oxal- 
acetic acid. Final concentrations, 2.6 10-4 mM oxalacetate, 2.5 107-4 m MnClo. 
Total volume of reaction mixtures, 2.0ce. (d =0.5em.). Wave-length, Curves la and 
2a, 230 my; Curves |b and 2b, 290 mg. Other data as in Fig. 1. Curves la and 1b, 
oxalacetate and MnCl; Curves 2a and 2b, oxalacetate, MnCl: and 0.5 mg. of 
enzyme from Vicrococcus lysodethticus. 
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OSA was about 2 10°‘ m, while concentrations over 4 10°‘ were in- 
hibitory. Optimum concentrations of Mn* were also reached at about 
2x 

Oxalacetic Carboxylase—Ixrampitz and Werkman reported that Mg*+ 
and Mn** were approximately equally effective in stimulating the decar- 
boxylation of OAA in the presence of crude lysed preparations of Micro- 
coccus lysodeikticus (2). With a partially purified preparation from the 
same source we found, as in the case of oxalosuccinic carboxylase, that Mnt+ 
is much more effective than Mg**. This is shown in Table II. 

The curves in Fig. 6 show the spectral changes observed on mixing OAA 
with Mn**, either with or without oxalacetic carboxylase, at two different 
wave-lengths, 230 and 290 mz. It should be recalled that at 230 mu, Mn** 
does not alter the absorption of OAA, whereas at 290 my it produces its 
maximum absorption increase (Fig. 3, Curves 4 and 5). It is apparent that 
the two curves representing enzymatic decarboxylation differ markedly. 
There is a prompt and steady decline at 230 my, while a transitory plateau, 
indicating formation of a complex, precedes the decline at 290 mu. The 
activity of the oxalacetic enzyme is not enhanced by increased salt concen- 
tration. 


DISCUSSION 


Since metal complexes are probably formed with the enol form of keto 
acids, the non-enzymatic reactions of OSA and OAA studied in this paper 
might involve the following steps. 


(1) 8-Keto acid = enol 
(11) Enol + cation = complex 
(III) Complex = a-keto acid + CO: + cation 


None of the above is an instantaneous reaction. Each proceeds at a rate 
depending upon the nature of both the keto acid and the cation. When the 
cation is Al++*, and presumably any which have been shown to accelerate 
the decarboxylation of the two keto acids, the above set of reactions would 
proceed rapidly in the absence of an enzyme, since aluminum complexes are 
either formed rapidly or are very unstable or both. 

Enzymatic catalysis of the over-all reaction, 8-keto acid = a- keto acid + 
COs, might be due to acceleration by the enzyme of one of the above re- 
actions (Nos. I, II, or IIL), of twoofthem, orofall three. Since the enzymes 
are active only in the presence of Mn** and since this cation by itself is not 
very effective in accelerating decarboxylation, the enzyme might be con- 
sidered to catalyze Reaction I, 2.c. the formation of enol. However, since, 
as previously mentioned, the spectrophotometric changes produced by 
Mn** and Mg** on OSA, in the absence of enzyme, are about the same, it 
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would seem that the affinity of the keto acid for each of these two cations is 
approximately equal. ‘This eliminates the possibility that the enzyme 
merely acts by catalyzing Reaction I, since one would then expect equal 
effectiveness of Mg** and Mn** in the presence of enzyme. 

The mechanism of the enzyme-catalyzed reactions may be conveniently 
discussed with the accompanying scheme as a basis. 


a 
8-Keto acid enzyme complex ~———’ eaketoacid + CO; 
+ Mn** 7 -}- Mn** 
+ Enzyme 7 + enzyme 
Enzyme + complex « 


In the case of OSA decarboxylation, our data are in agreement with the 
view that the enzyme catalyzes the formation of an OSA-Mn complex. It 
is difficult to interpret the increase in optical density caused by the enzyme 
as due to anything but increased complex formation. While it is clear that 
this increase in complex formation can account for a major part of the over- 
all catalysis of decarboxylation, it cannot be determined from our data 
whether the enzyme-OSA-Mn complex dissociates into enzyme and OSA- 
Mn complex, which then decarboxylates spontaneously (Reactions a+ b' + 
c), or Whether the over-all reaction proceeds mainly by way of the partial 
reactions, a and bh. 

The ability of the enzyme to catalyze the reaction in the direction of car- 
boxylation of a-ketoglutaric acid has been demonstrated by linking the 
synthesis of the 6-keto acid with reduction to isocitrate (7). This reversal 
is most likely to proceed by Reactions ) and a, since a non-enzymatie tri- 
molecular reaction to form OSA-Mn complex from a-ketoglutaric acid, 
COs, and Mn** is very unlikely. 

In the case of oxalacetic carboxylase the time curve with enzyme, Mn**, 
and OAA at 290 mu (Tig. 6) does not show much increase in complex over 
that formed by Mn** and OAA in the absence of enzyme but it indicates 
that, in the presence of the enzyme, the complex decarboxylates more rap- 
idly. Comparison with the curves obtained at 230 my, at which the OAA- 
Mn complex has the same absorption coefficient as OAA, shows that the 
enzyme must increase the rate of complex formation because the curve at 
290 mu (Curve 2b) shows no decrease in density at a point when that at 230 
mu (Curve 2a) indicates that the OAA is already decarboxylated to some 
extent.. It would then seem that, in this case, the reaction is proceeding 
by way of the partial reactions, a and b. 

The action of acetoacetic carboxylase seems to involve an entirely differ- 
ent mechanism from that operating in the case of the oxalosuccinic and oxal- 
acetic enzymes. ‘The decarboxylation of AAA is unaffected by metals and, 
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although complexes can be formed with polyvalent cations, such complexes 
are stable. It would appear that the nature of the 8-keto acid, and espeei- 
ally its degree of stability and its ability to form unstable metal complexes, 
largely determines the mechanism by which enzymatic decarboxylation is 
carried out. With the very unstable OSA there are no indications of the 
need for a prosthetic group besides Mne*. With the more stable OAA a 
prosthetic group might well be involved in addition to Min’. Recent work 
suggests a possible function of biotin in some enzymes concerned with OAA 
and dicarboxvlic acid metabolism (8). In the case of AAA, much more 
stuble than the other two 8-keto acids, the work ot Davies suggests the 
presence of an as vet unknown prosthetic group in the carboxylase, and no 
metal is involved (5). 

It is well known that amines have « marked catalytic effect on the decar. 
boxylation of 3-keto acids; aniline (9) is widely used for their quantitative 
estimation. This might lead one to believe that amino groups on side 
chains of a number of proteins might generally catalyze $-keto acid decar- 
boxylation im an unspecific manner. While this seems to be true to some 
extent (10), it is doubtful whether this unspecific catalysis is of any signifi- 
eance in the biological reactions involving 6-keto acids. 


Methods 


Spectrophotometric Measurements —To each of two quartz cells there were 
added equal amounts of the various components, with the exception of the 
keto acids. These were added only to one cell, while the other cell served 
as control tor 100 per cent light transmission. The addition of keto acid 
was always made last and was immediately preceded by « zero time read- 
ing of the optical density of the experimental solution. No butiers were 
used other than the keto acids themselves, although, as alrendy mentioned, 
an increase in pH may cause some turbidity in the presence of aluminum 
ions. Measurements were made in air at room temperature in the Beckman 
spectrophotometer. Other experimental details are given in the legends to 
the figures. 

Enzyme Preparations-——The oxalosuccinic carboxylase was a dialyzed ex- 
tract of washed, acetone-dried pig heart (1) containing from 3 to 5 mg. of 
protein per cc. In some cases the ice-cold extract was precipitated with 
3 volumes of acetone at 0°. An aqueous solution of the dried acetone pre- 
cipitate, after removal of an insoluble residue by centrifugation, was then 
used as the enzyme. ‘This is referred to as “acetone enzyme.”’ The oxal- 
acetic carboxylase was a partially purified preparation from 1/7icrococcus 
lysodetkticus.| This was kept as a dry acetone powder and was dissolved 
in water before use. 

(‘hemical Preparations-—The preparation of oxalosuccinic acid has already 
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been described (1). ‘The barium salt was dissolved in water, with the aid 
of some dilute hydrochloric acid, and converted to the sodium salt just be- 
fore use. Oxalacetic acid was obtained by hydrolysis of diethyl oxalacetate 
according to Krampitz and Werkman (2), with modifications suggested by 
Dr. Fritz Lipmann.® The preparation of acetoacetic acid was made accord- 
ing to Davies (5). Crystalline sodium pyruvate and a-ketoglutaric acid 
were prepared as previously described (11). 


SUMMARY 


The catalytic decarboxylation of oxalosuccinic and oxalacetic acids by 
aluminum ions is preceded by the formation of unstable intermediates hav- 
ing characteristic ultraviolet absorption spectra. The peaks are at 252 and 
274 my respectively. ‘lhe intermediates are assumed to be 8-keto acid- 
aluminum complexes which undergo rapid decarboxylation. Acetoacetic 
acid forms « similar but stable complex with Al” "”. Spectral changes oc- 
curring with Mg’ and Min’ also suggest the formation of complexes with 
these cations. 

In the presence ot Mno° and oxalosuccinic acid, oxalosuccinic carboxy- 
luse Causes a pronounced increase in absorption at 240 my, presumably as 
a result of increased formation of an intermediate oxalosuccinate-manganese 
complex; this increase is followed by a rapid drop, indicating decarboxyla- 
tion. These effects of the enzyme are markedly augmented, as is the de- 
carboxylation of oxalosuccinate followed manometrically, by an increase of 
the jonic strength of the reaction mixtures to 0.134 Mo. 

In the presence of Mne* and oxalacetic acid, oxalacetic carboxylase 
brings about «a rapid decrease in absorption, indicating decarboxylation, at 
230 my. At 290 mu this decrease is preceded by «a small transient increase. 
In this case, it the carboxylase brings about an increased formation of an 
intermediate oxalacetic-manganese complex, the decarboxylation of this 
complex must be increased to u similar extent. 

The speetrophotometric and manometric changes produced by oxalosuc- 
eimic and oxalsweetic carboxylases on their respective substrates are strictly 
specific with regard to 3-keto acid and metal. 

The above results are discussed in connection with the mechanism of the 
reactions catalyzed by cations and by 3-keto acid carboxvlases. 


We wish to thank Dr. lsidor Greenwald and Dr. Milton Levy tor helpful 
suggestions. We are also indebted to Mr. Morton C. Schneider fot skilful 
technical assistance. 


* Personal communication. We are very indebted to Dr. Lipmann for this in- 
formation. 
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THE STERBKOCHEMISTRY OF AN ENZYMATIC REACTION: 
The OXIDATION OF L-, AND epi-INOSITOL 
BY ACE TPOBACTER SUBOXYDANS* 


By BORIS MAGASANIKT anp ERWIN CHARGAFF 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, December 10, 1947) 


The property of certain members of the group of acetic acid bacteria (1) 
that brings about the incomplete oxidation of various substrates, stopping 
often at the primary oxidation product, is emphasized in the name of the 
bacterial type with which this paper deals, Acetobacter suboxydans (2). 
The action of this organism on polyhydroxy compounds terminates, as a 
rule, with the formation of a monoketo compound. Certain sterical limita- 
tions, observed experimentally, have found their expression in the well 
known rule of Bertrand (3) which, however, does not apply to all substrates 
(1, 4). 

It occurred to us that the stereochemical specificity of this interesting 
enzyme system could be defined with greater precision if a stereoisomeric 
series of cyclic polyhydroxy compounds were employed as the substrates of 
oxidation, since in this case the lack of free rotation around carbon to car- 
bon bonds should permit a clearer correlation between reactivity and the 
spatial arrangement of the reactive groups. For this purpose, several iso- 
mers of the inositol group and related cyclitols were chosen. The oxidation 
rates were studied manometrically and whenever possible the oxidation 
products isolated and identified. 

The experiments, which in part have been presented very briefly in a 
preliminary communication (5), were carried out with resting cells... Since 
the localization of the enzyme system within the bacterial cell is unknown, . 
it is not yet possible to present an adequate discussion of the reasons for the 
differences in oxidation rates found for the several stereoisomers. Should 
the speed of permeation of the substrate into the cell prove to be the rate- 
determining step, then it would become necessary to consider the bacterial 


* This work was supported in part by a grant from the American Cancer Society 
on the reeommendation of the Committee on Growth of the National Research Coun- 
ceil, 

+ This report is from a dissertation to be submitted by Boris Magasanik in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy in the Faculty 
of Pure Science, Columbia University. 

' The oxidative enzymes of Acetobacter have so far not been obtained in a cell-free 
state (1). 
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cell wall as a sterically selective system. If the enzyme is situated at the 
bacterial surface or if a non-selective diffusion operates, the rates of oxida- 
tion would be an expression of the equilibrium conditions governing the 
formation of the particular substrate-enzyme complex or its reaction with 
oxygen. (For recent discussions of permeability, cf. (6,7).) Inany event, 
the selection for enzymatic attack of one or more of the sterically distinct 
secondary hydroxyl groups of the inositol must derive from the direct action 
of the bacterial oxidase on the cyclitol. The nature of the Acctobacter oxi- 
dase or oxidases, however, still is completely unknown. 

While it cannot yet be stated definitely that the same enzyme is responsi- 
ble for the oxidation of the different stereoisomers discussed here, the pre- 
liminary information available would appear to favor this assumption. 
Mixtures of meso- and d-inositol, each in a concentration sufficient to satur- 
ate the enzyme system, were found to be oxidized at a rate identical with 
that at which either of the components alone was handled. Furthermore, 
the resting bacteria (cultivated in the presence of p-sorbitol, but in the ab- 
sence of the inositol isomers) oxidized even as unusual substrates as epi- 
inositol or d-cpi-inosose without a lag phase, as should have been the case 
if adaptation had been «a requisite for enzymatic oxidation. 

The planar projections of the cyclitols used as substrates and of some of 
the oxidation products are shown in structures I to XI. The structure of 
I is based on the work of Dangschat and Fischer (8) and of Posternak (9), 
and that of IIT (10), III (9), IV (11), VI 2), and VIT (9) on the series of 
brilliant studies by Posternak.’ 

The maximal oxygen consumption of the various substrates is summarized 
in Table I. In these experiments, carried out with a bigh concentration of 
bacteria, the diffusion of oxygen into the suspension became the limiting 
factor. Veronal buffer could be substituted for the usually emploved phos- 
phate buffer of pH 6.0 without changing the nature of the oxidation of meso- 
inositol] 

In the cause of meso-inositol (1) the results of Kluyver and Boezaardt (14) 
were confirmed. The consumption of 1 gm. atom of oxygen per mole of 
substrate indicated the formation of a monoketo derivative, micso-/nosose 
(VII). This compound has frequently been isolated in different labora- 
tories (14-16). 

Similar results were obtained with epi-inositel (11) which vielded « levoro- 

* The numbering of the carbon atoms is similar to the one adopted by Ebel «(15 
p. 619). The earbon atoms arg numbered clockwise, ] and 6 chosen with their hy 
droxyls in trans position. The structure is arranged in such a manier as to have as 
many hydrexvl groups as possible cis to the one in position |. Where this scheme 
allows two possibilities, that arrangement is chosen in which the earbon atoms with 
hydroxvls cis to the one in position | have the lowest positional numbers The same 


system is used for keto and desoxy derivatives. 
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4 
is 47 
I. meso-Inositol; cyclohexane-(1,2,3,5) Il. epi-Inositol; eyeclohexane-(1.2,3,4,5)- 
eis-hexol cis-hexol 

| | 
ITT. Seyllitol; evclohexane-(1.3. 5) IV. /-Inositol; eyclohexane-(1,2,4)- 

cis-hexol cis-hexol 


PA, 1 2 
V. d-Inositol; eyclohexane-(1,2,5) VI. d-Quereitol; cyclohexane-(1, 2,5) 
cts hexol crs-3,6-pentol 
() 
41 2 Jt | 
<6 3 <6 3 
4 
meso-Inosose; ceyclohexane-(1,3,4) VIEL. l-epi-lnosose; cyclohexane- 
cis-pent ol-2-one (1,3,4, 5eis-pentol-2-one 
On 
\ 
\ | . Pt » 
71 
IX. d-epr-Inusose, eyclohexane-(1,2,3, 5) X. Cvelohexane-(1, dde7s-tetrol-3, 4. 
cis-pentol-4-one dione 
LO 
2 > ==() 


Cyclohexane-(1,3)cis-tetrol-4 5-dione 


tatory monoketo compound (5). The study of this derivative, included in 
the experimental part, served to establish its structure as either VITT or LX, 
that of epi-inositol as IT, and that of the inosose obtained by the action of 
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nitric acid on meso-inositol (17) as the dl compound VIII + IX; but since 
analogous findings were in the meantime presented independently by Pos- 
ternak (10), who proved the structure of the levorotatory ketone to be 
VIII, a detailed discussion appears superfluous. 

dl-epi-Inosose (VIII + IX), formed, by the action of nitric acid on TI, was 
found to consume 0.25 mole of oxygen per mole of substrate. Inasmuch as 
l-em-inosose (VIII), the end-product in the oxidation of ep7-inositol, is re- 


TABLE |! 
Mazimal Oxygen Consumption 


The Warburg vessels in each experiment contained 0.5 cc. of the suspension of 
resting Acetobacter suborydans (about 5 mg. of bacterial N) and 2 ce. of 1/15 M phos- 
phate buffer of pH 6.0 in the main compartment, 0.5 cc. of the substrate solution in 
the side arm, and 0.2 ec. of 10 per cent KOH in the center well. The experiments 


were carried out at 38° in the presence of air. 


Oxygen consumption, moles per mole Duration of oxy- 


Substrate substrate gen uptake 
| micromoles min. 
meso-Inositol Fs 6.6 0.47, 0.50 10 
| 13.9 0.50, 0.50 15 
| 13.9* 0.51, 0.47 15 
l-Inositol | 6.6 1.01, 1.03, 1.00 20-25 
d-Inositol | 10.0 1.00, 0.97, 0.99 50 
Seyllitol | 5.8 0 
epi-Inositol | 8.7 0.51, 0.49 10 
dl-epi-Inosose 6.8 0.25 15 
13.4 0.27, 0.27 15 
17.7 0.25, 0.26 20 
Quebrachitol 12.5 0 
Pinitol 7.8 0 | 
d-Quercitol 7.0 0.95, 0.97, 0.96, 1.01 50F 
7.0% 0.50, 0.47 


* In this experiment veronal buffer (pH 6.0) was substituted. 
t The first gm. atom of oxygen was consumed within about 7 minutes. 
t This experiment was performed with only about 0.7 mg. of bacterial N per vessel. 


sistant to further oxidation, one may conclude that each mole of d-epi- 
inosose (LX) reacted with 0.5 mole of oxygen, giving rise to a diketo com- 
pound. Attempts at the isolation of this derivative have not yet been 
successful. The second carbonyl group probably is not vicinal to the one 
present in IX, since such a-diketones readily give rise to bisphenylhydra- 
zones; it more probably occupies position 2 of IX, by analogy to the oxida- 
tion of epi-inositol. The oxidation product was found to have acidic prop- 


erties, which is in agreement with the expected behavior of an enolized 
8-diketone. 
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The two optically active stereoisomers, l-inostlol (1V) and d-inositol (V), 
each reacted with 2 gm. atoms of oxygen per mole of substrate. From 5 to 
20 day-old culture fluids of Acetobacter suborydans containing these sub- 
stances the oxidation products could be isolated by means of phenylhydra- 
zine, but only in the case of the 1 compound was the yield good. Both 
products obtained in this manner from /- and d-inositol respectively proved 
to be bisphenvlhydrazones of diketo inositols; they formed yellow needles 


| 


4000, 


A, mu 


Fie. 1. Absorption spectrum (in absolute ethanol) of the a-bisphenylhydrazone 
of (XII) obtained from /-inositol. 


with identical melting points, identical absorption spectra (Fig. 1) charac- 
teristic for osazones (18), and optical rotations equal but opposite in sign. 
When equal amounts of the two substances were permitted to crystallize 
together, a new compound with a lower melting point, but an unchanged ab- 
sorption spectrum, was obtained. The two bisphenylhydrazones clearly 
were enantiomorphs. ‘The consumption of periodic acid in 66 per cent al- 
cohol at room temperature corresponded to 3 moles of the oxidant per mole 
of bisphenylhydrazone (19). These findings serve to establish these com- 
pounds as a-bisphenylhydrazones. The reaction products obtained by the 
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action of periodic acid on these substances are discussed in another com- 
munication (20). 

The exact configurations of the a-bisphenylhydrazones obtained from the 
biological oxidation products of /- and d-inositol were determined by com- 
paring their racemic mixture with an a@-bisphenylhydrazone of a diketo 
inositol obtained by Carter ef al. (21) by the action of phenylhydrazine on 
the phenylhydrazone of meso-inosose (VII) In this compound the second 
phenylhydrazono group must have been introduced into positions | and 3 
respectively, leading to «a racemic mixture of NIT and NII. 


NHC,H N--NHC,H 
\ 
(X11) (NED) 


Both racemic mixtures exhibited the same absorption spectrum, identi 
cal with the one shown in Fig. 1, and identical melting points.  Thetr mix- 
ture showed no depression of the melting pomt. Structure NIP can, there- 
fore, be assigned to the dextrorotatory compound obtained trom: /-inositol, 
structure NITT to the levorotatory substance produced from ¢-inositol. 

l-Jnositol (IV) has thus been shown to be oxidized by olerlobacter suboxy- 
dans in positions | and 6 to yield the a-diketone XN: d-inositol (V), attacked 
in the corresponding mirror image positions 2 and 3, affords the a-diketone 
XI. This appears to be the first instance of the production by this micro- 
organism of «a dicarbonyl compound trom «a polyhydrie alcohol.’ 

Quebrachitol and pinitol, the naturally occurring monomethy! ethers of 
/- and d-inositol respectively, were not oxidized by Acelobacler. Vhe po 
sition of the methoxvls in these compounds is not known. NSeyl/rfol (LD) 
likewise Was not attacked. 

d-Quercitol (VT) consumed 2 gm. atoms of oxygen per mole of substrate. 
The 2nd gm. atom was taken up at a much slower rate. With a lower con- 
centration of bacteria, the oxygen uptake terminated with the consumption 
of the first half mole, a phenomenon not observed with the optically active 
inositols. | 

The rates of oxygen uptake by equal quantities of the various substrates, 

* We should like to thank Dr. H. FE. Carter of the University of Illinois for a speci 
men of this compound and for a personal communication concerning the mode of 
formation of this osazone. 

‘The production by Acetobacter suborydans of a diketo derivative from meso 
inositol has been reported by one group of workers (22-25). This product does not 
appear to have been observed in other laboratories (14-16) nor is its formation com 
patible with the manometric measurements presented previously (5, 14) and in this 


paper. 
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insufficient in concentration to give maximal oxidation rates, are presented 
in Table Il. When, as is done in Table II, these rates are related to the 
rate of oxygen consumption by meso-inositol at the same bacterial concen- 
tration, it will be seen that under the experimental conditions the various 
substrates were oxidized at widely differing rates, d-inositol being the most 
slowly and ep7-inositol the most rapidly oxidized stereoisomer. The slow 
oxidation of d-inositol may be responsible for the low yield of oxidation prod- 
uct obtained in the culture experiments.® 


TABLE II 
Comparison of Oxidation Rates 
The Warburg vessels in each experiment (carried out at 38°) contained 0.5 ce. of 
the suspension of resting bacteria and 2 ec. of 1/15 mM phosphate buffer of pH 6.0in the 
main compartment, 0.5 ce. of solution containing 7 micromoles of substrate in the 
side arm, and 0.2 ee. of 10 per cent KOH in the center well. 


Qo, (N) (substrate) 


Bacterial N Substrate Qo, (N) Qo, (N) 
me. | 
O36 meso-Inositol 
¢pt-Inositol —620 
0.59 meso-lnositol — 530 
ept-Inositol —SSO 1.7 
d-epi-lnosose* — 280 0.5 
0.72 -ept-lnosose* — 230 O.4F 
d-Quercitol — 240 O.4T 
d-epi-Inosose* — 330 0.57 
() meso-Inosito! 
{-Inositol ~ 430 
d-Inositol -170 0.2 


* 14.0 micromoles of d/-epi-inosose were used. 
t The corresponding values for meso-inositol were interpolated. 


The masrimal rates of oxidation of meso- and d-inositol are compared in 
Table Tlf. In these experiments the enzyme system was saturated with 
respect to substrate. The maximal rates of oxygen uptake were found 
dentieal for both isomers and also for their equimolar mixture (Table IIT, 
Preparation 2). But the meso compound was oxidized at the maximal rate 
at a concentration at which the oxidation of d-inositol had not yet reached 
itsmaximum (Table III, Preparation 1). Some of the possible explanations 
of this difference in saturation levels have been mentioned above. If the 
influence of the cell wall on the speed of diffusion of the two isomers is dis- 

much better yield of derivative could be obtained in preparatory experi 
ments with resting bacteria, as will be deseribed on a later occasion. 
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regarded, the results shown in Table III seem to indicate that the equilib- 
rium conditions governing the combination between enzyme and substrate 
are responsible for the differences. 

The steric specificity of the enzyme system responsible for the oxidations 
that form the subject of this paper can now be discussed succinctly. It is, 
of course, evident that the structural formulae I to XIII of this series of 
cyclohexane derivatives do not describe the actual positions in space of the 
various atoms, but merely represent planar projections based on the con- 
ventions introduced into stereochemistry by Emil Fischer (26). 


III 
Maximal Rates of Oxidation 


The Warburg vessels in each experiment (38°) contained 0.5 cc. of the bacterial 
suspension and 2 ec. of 1/15 m phosphate buffer of pH 6.0 in the main compartment, 
0.5 ce. of substrate solution in the side arm, and 0.2 cc. of 10 per cent KOH in the 


center well. 


Bacterial | 
oO. 


Bacterial N 


meso-Inositol 


d-Inositol 


QO, CN) (substrate) 


ration (N) (meso inositol) 
meg. micromoles micromoles | 
1 0.47 28.2 —990 
56.4 —1100 
28.2 —340 0.35 
56.4 —680_ 0.62 
28.2 28.2 —940 0.85 
2 0.15 | 225 — 1700 
450 — 1570 
225 — 1730 1.0 
450 — 1920 :.3 
1.1 


225 225 — 1680 


Recent work based on electron diffraction studies (27) and spectroscopic 
(28) and thermodynamic (29) properties has led to the conclusion that at 
room temperature cyclohexane exists predominantly in the chair configu- 
ration. If the conceptions applied to cyclohexane and its mono- and 
dimethyl! derivatives (29, 30) are extended to the inositols, it will be seen 
that six of the substituents (hydroxyl or hydrogen) surround the ring of 
earbon atoms in what has been called an equatorial belt; the six others are 
perpendicular to the plane formed by the carbon ring: three above (north 
polar), three below (south polar). Each carbon atom will, therefore, carry 
1 polar and 1 equatorial substituent. A twist of the 6 carbon atoms 


through a single plane to the opposite chair form renders the equatorial 
substituents polar and vice versa (30). 
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Consequently, there will exist two geometrically tautomeric forms for 
each inositol isomer. By analogy to the methyl-substituted cyclohexanes 
(29) it may, however, be assumed that the tautomer possessing the smaller 
number of polar hydroxyls will predominate. The constellations of com- 
pounds I to XI, based on the postulates outlined here, are compared in 
Table IV. 

The inspection of atomic models of the inositols shows the position of the 
hydroxyl groups to be very unfavorable to the formation of cyclic com- 
pounds, such as benzylidene or isopropylidene derivatives. This is in line 


TaBLe 
Spatial Configurations of Inositol Isomers and Related Substances 
Position of hydroxyls on carbon atoms | Position of 
projection “North | South Acetobac 
| Equatorial | | | 
I | meso-Inositol 
II | epi-Inositol | 1,3, 5,6 | 24) — | 2 
III Seyllitol 1,2,3,4,5,6 | - 
1-Inositol 2,3, 4, 5 | 
V— d-Inositol 1, 4, 5, 6 2 Ser 2,3 
VI d-Quercitol 1, 5,6 | 2 3 | 
VII | meso-Inosose 1, 3, 4, 5, 6 | = _ | — 
IX  d-epi-Inosose 1, 3, 5, 6 2 t 
X | Cyclohexane - (1,5)cis - 1, 2, 5, 6 — — _ 


tetrol-3,4-dione | 
XI Cyclohexane - (1,3)cis - 1,2,3,6 | | ~~ 
tetrol-4,5-dione | 


*2 gm. atoms of oxygen taken up per mole of substrate. 
11 gm. atom of oxygen taken up per mole of substrate. 


with the great difficulty with which the condensation of meso-inositol with 
acetone is brought about (8). 

Recent work on the configuration and the biological activity of the 
hexachlorocyclohexanes also provides interesting analogies to the inositols. 
Among the structures, assigned by Slade (31) to the different isomers, y- 
hexachlorocyclohexane corresponds to configuration I in Table IV, the a 
isomer to a racemic mixture of IV and V, and the 8 compound to III. The 
biological antagonism of y-hexachlorocyclohexane to meso-inositol as a 
growth factor for yeast (32) also is suggestive of a spatial similarity between 
these compounds. Moreover, the melting points of the two series of cyclo- 
hexane derivatives show a parallel trend. meso-Inositol, dl-inositol, and 
scyllitol melt at 218°, 253°, and 345° respectively; the respective melting 
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points of the y, a, and @ isomers of hexachlorocyclohexane are at 112°, 158°. 
and 309°. 

The specific steric requirements for oxidation can, on the basis of the 
structures assigned to the inositols (Table 1V), be expressed as follows: 
Only polar hydroxyl groups are oxidized. In the case of epi-inositol (ID), 
Where two hydroxyls are situated in the same polar plane, only one is 
attacked by the enzyme to yield /-epi-inosose (VIII). The enantiomorph 
d-epi-inosose (IX), however, is further oxidized. Additional work will be 
necessary to show whether the relative position of the polar hydroxyls with 
respect to the hydrogen atom in the same polar plane is of importance for the 
extent of oxidation. 

The study of the oxidation of aliphatic polyhydric alcohols by Acetobacter 
has led to the conelusion that only those hydroxy! groups are attacked that 
are situated between a primary hydroxy! and a secondary one in cis position 
(3, 4). Of the enantiomorphs, the isomer possessing the p configuration 
with respect to the secondary cis hydroxyls is oxidized more readily (4). A 
similar relationship appears to apply to eyclic enantiomorphs of the inositol 
series. In /-inositol, which is much more rapidly oxidized than the 
d isomer, the hydroxy! groups that are oxidized and the neighboring eis 
hydroxyl groups have the p configuration. 

The findings reported here permit the inference that, in the aliphatic 
polyhydroxy compounds attacked by the Ace/ohacter-oxidase system, the 
position in space of a secondary hydroxyl group between a primary alcohol 
group and another secondary cis hydroxyl corresponds to the position of s 
polar hydroxyl group between two equatorial ones in the inositol molecule. 

It should be pointed out that the studies on the enzymatic oxidation of 
inositol isomers, which sre being continued, may prove of more general! 
biological interest in several respects. The great importance of meso- 
inositol as a growth factor for certain microorganisms ((33) p. 207), the 
discovery of a deficient mutant of Vewrospora crassa requiring inositol (34), 
and the dietary significance of this compound in animal nutrition (34) all 
require a better insight into the ways in which mecso-inositol and its isomers 
are dealt with by living cells. Moreover, one of the constituents of strep- 
tomycin has been shown to be a 1 ,3-diguanido-2 ,4 ,5,6-tetrahvdroxycyelo- 
hexane (36,37). In view of what has been said above about the oxidation 
of d-ept-inosose (IX) by Acetobacter, it is possible that additional work will 
lead to the preparation of 1,3-substituted inositol derivatives of biological 
interest. 


EXPERIMENTAL 
Material 
Acetobacter suborydans was obtained from the American Type ( ‘ulture 
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Collection (No. 621). The culture methods employed will be discussed 
below. 

d-Quercitol and meso-inositol were purified commercial preparations. 

A crude preparation of pinitol was obtained through the courtesy of 
Professor R. C. Eelderfield of this University. It was purified by repeated 
decolorization of its aqueous solution with charcoal (Dareo G-60) and 
erystallization from 75 per cent ethanol. The pure pinitol, melting® at 
185-186°, fa}2° = 4-66.4°, yielded, on treatment with hydriodic acid (38), 
d-inositol (86 per cent of the theoretical yield, crystallized from 72 per cent 
ethanol) which had a melting point of 249-250° and la] = +65.0° (in 
water). 

The crude quebrachitol, obtained some years ago from the British Rubber 
Research Association, London, was freed of traces of sulfate by treatment 
with barium hydroxide and crystallized by the addition of 1.8 parts of hot 
acetone to the hot aqueous solution. The pure monomethyl ether melted 
at 195°. It yielded, when treated with hydriodie acid, l-inosttol (83 per 
cent of the theory, erystallized from 70 per cent ethanol) which melted at 
249-250° and had [a}** = —63.8° (in water). 

Syclliiol’ was prepared from meso-inositol by the method of Posternak 
(15), m.p. 345° (with decomposition); its hexaacetyl derivative melted at 
296-207°. dl-epi-Inosose, m.p. 221° (with decomposition), was prepared by 
the action of nitric acid on meso-inositol (17). ept-Inositol, m.p. 285° (with 
decomposition), was obtained by the catalytic hydrogenation of dl-epr- 
inosose (17). 


Oxidation of Inositol Stereoisomers and Related Substances by 
Acetobacter suboxydans 


Cultivation of Bacicria—The cells were grown at 30° ina medium contain- 
ing 50 gm. of p-sorbitol and 10 gm. of yeast extract (Difco) in 1 liter of tap 
water. When larger quantities of resting organisms were required, the 
cultivation was carried out in Roux bottles containing 150 ec. of the liquid 
medium and 4.5 em. of agar. A 3 ce. portion of a 3 day-old liquid culture 
served as the inoculum for each Roux bottle. After 70 hours the cells were 
collected in physiological saline, centrifuged in the cold at 4000 r.p.M., and 
washed three times with ice-cold saline. They were then again suspended 
in physiological saline. In all experiments bacteria collected the same day 
were used. 


* The melting points, reported without correction, were determined with an elec 
triealiv heated stage (Fisher-Johns inless noted otherwise, the intact crystals 
were ed onthe stage preheated to about 5-7° below the melting point. 

’ The melting points of seylitol and hexaacet yl seyllitel were determined in capil 
laries 
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Maximal Oxygen Consumption—When 0.5 cc. of a bacterial suspension in 
physiological saline containing about 5 mg. of bacterial nitrogen was per- 
mitted to act on 5 to 18 micromoles of the various substrates in a total 
volume of 3 ec., very rapid oxidation took place. The reaction was con- 
sidered as terminated when the amount of oxygen consumed in a 5 minute 
interval was no greater than that taken up in the same period by the resting 
bacteria alone (z.e. about 2 microliters). Table I summarizes the results. 

Comparison of Oxidation Rates—The rates at which the several substrates 
were dehydrogenated were compared in a series of experiments in each of 
which 7 micromoles of substrate and small amounts of resting bacteria 
(0.36 to 0.94 mg. of bacterial nitrogen) were employed. These experiments 
are presented in Table II. For the calculation of the Qo, (N), the time 
interval for which the oxygen uptake was linear was used. 

Maximal Rates of Oxidation—In the preceding experiments the enzyme 
system was not saturated with respect to substrate. The saturation levels 
for meso- and d-inositol were compared in another experiment reproduced in 
Table IIT. 

Formation of Compound X from l-Inositol 


Preparation—-Acetobacter suboxrydans was grown for 3 days at 30° in a 
medium consisting of 0.2 gm. of p-sorbitol, 0.2 gm. of yeast extract (Difco), 
and 0.5 gm. of l-inositol in 10 ec. of tap water. The culture was then trans- 
ferred under sterile conditions to a 2.5 liter Fernbach flask containing a 
sterilized solution of 4.5 gm. of /-inositol in 90 cc. of tap water. Following 
incubation for 5 days at 30° the bacteria were removed by filtration through 
infusorial earth and a solution of 10 ec. of freshly distilled phenylhydrazine 
in 20 ec. of 50 per cent acetic acid was added to the filtrate. Crystals soon 
made their appearance at room temperature and transformed the mixture 
which was cooled overnight to a semisolid paste. The crystals which at this 
stage were contaminated with a red oil were filtered off, washed with ice-cold 
water, and spread on a porous plate. To their filtered solution in 75 ce. of 
hot pyridine, 200 cc. of hot water were added slowly. The chilled mixture 
deposited 4.2 gm. of reddish yellow crystals (42 per cent of the theoretical 
yield) which were recrystallized from a 1:1.6 mixture of water and methyl 
cellosolve (ethylene glycol monomethyl ether), following the treatment of 
the methyl cellosolve solution with 5 gm. of activated charcoal (Darco 
G-60). The crystals (2.9 gm.) were recrystallized once more from 3 parts 
of methyl cellosolve and 2 parts of water when 2.6 gm. of the a-bisphenylhy- 
drazone of cyclohexane-(1 ,5)cis-tetrol-3 ,4-dione (XII) were obtained as long 
yellow needles with a greenish sheen melting (with decomposition) at 217°. 
The optical rotation in 1:1 ethanol-pyridine (c = 0.793,1 = 0.5dm., a, = 
+0.95°) was found as fa — +4940° (initial): after 24 hours (a, = +0.85°) 
it was [a], = +214°. 
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| CisHwOiN, (356.4). Calculated. C 60.7, H 5.7, N 15.7 
Found. ‘* 60.8, “ 5.8, ** (Dumas) 15.4 


The absorption spectrum of this phenylosazone (0.0273 mm solution in 
absolute ethanol) is reproduced in Fig. 1. 

The substance was extremely refractory to attempts at splitting or con- 
_-yersion. Efforts to prepare the free diketone by the treatment of the 
' — gsazone with pyruvic acid (39) led to no result, nor wes it possible to obtain 

the corresponding osotriazole (40). 
Action of Periodic Acid on Compound XII-—The H1O,; consumption was 
determined by treating 20 cc. portions (each containing 36.5 micromoles of 
the osazone in 60 per cent ethyl alcohol) with 325 micromoles of periodic 
acid in 0.5 ce. of water at room temperature for 1 hour (19). The excess 
(periodic acid was determined with 0.1 N sodium arsenite in the usual 
manner. The average consumption (per mole of compound) of periodic 
acid was 3.05 moles. 


Formation of Compound XI from d-Inositol 


10 cc. of a 3 day-old culture of Acetobacter suboxydans containing 2 per 

> ¢ent p-sorbitol, 2 per cent yeast extract (Difco), and 5 per cent d-inositol 
were added to a sterile solution of 9.5 gm. of d-inositol in 140 cc. of 
tap water. After incubation at 30° for 14 days the mixture, which showed 

' heavy growth, was filtered through infusorial earth. The red crystals, 
appearing soon after the addition to the filtrate of 25 cc. of phenylhydrazine 

in 50 ce. of 50 per cent acetic acid, were washed with ethyl alcohol and 
dried. The recrystallization of this material (4.7 gm.) from a mixture of 

, 2 parts of water and 3 parts of methyl cellosolve yielded 260 mg. of the 
a-bisphenylhydrazone of cyclohexane-(1 ,3)cis-tetrol-4 ,5-dione (XIII). The 
long vellow needles, after one additional recrystallization from aqueous 
methyl cellosolve melted (with decomposition) at 217°. The optical rota- 


tion in 1:1 ethanol-pyridine (c = 0.567, 1 = 0.5 dm., a, = —0.71°) was 
found as fa}*> = —250°; at equilibrium (after 24 hours) a, was —0.64°; 
| therefore [a]; = —222°. 
(356.4). Calculated. C 60.7, H 5.7, N 15.7 
Found. 61.0, ** 5.7, (Dumas) 15.3 


The absorption spectrum of the levorotatory bisphenylhydrazone corre- 


* The crude erystals were found to contain, in addition to the osazone, a phenyl- 
}  hydrazone of a monoketo derivative of d-inositol which could be separated by virtue 
of its complete insolubility in hot absolute ethanol. Several reerystallizations from 
aqueous pyridine vielded colorless plates which melted (with decomposition) at 197— 
199°. Caleulated for Cyl yOsNe (268.3), C 53.7, H 6.0, N 10.4; found, C 53.3, H_ 5.7, 

N 10.0. 
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sponded completely with that exhibited by the dextrorotatory derivative 
(Fig. 1) obtained from /-inositol. 

This substance, when examined as described betore in this paper, was 
found to consume 2.9 moles of periodic acid. 


Racemic Jnosazon« 


A mixture of equal amounts of the d- and /-inosazones, described in the 
preceding sections, was recrystallized from 2:3 water-methyl cellosolve. 
The yellow crystals of the racemic mixture melted (with decomposition) a 
205° when placed on the stage at 200°. 

The properties of these racemic crystals were compared with those of the 
phenylosazone obtained by the action of phenylhydrazine on the phenyl- 
hydrazone of meso-inosose (21). Vhis compound, recrystallized from 2:3 
water-methy] cellosolve, likewise exhibited a melting point (with decompo- 
sition) of 205° (stage preheated to 200°). Both substances gave the same 
absorption spectrum, which was identical with the one reproduced in Fig. 1. 

For the determination of mixed melting points, the effect of crushing on 
the melting points of the various substances had to be studied. ‘The finely 
powdered preparations were found to decompose, without truly melting, at 
temperatures somewhat lower than the melting points of the crystals them- 
selves. The powders of the dextrorotatory (AIL) and levorotatory (XIII) 
osazones both had decomposition points of 210°; their mechanical mixture 
decomposed at 203-206°. The finely powdered racemic mixture obt:sined by 
joint crystallization of the two osazones decomposed at 199°, the osazone 
described by Carter ef al. (21) at 198-199". No depression of the decompo- 
sition point was observed with a mixture of the two racemic osazones. 


Formation of l-ey-Inosose from epi-Inositol (11) 


5 ec. of a 3 day-old culture of Acefobacter suboxydans in the sorbitol-yeast 
extract medium were added to a sterile solution of 5 gm. of epi-inositol, 
0.85 gm. of yeast extract (Difco), and 0.17 gm. of p-sorbitol in 170 ce. of tap 
water. The mixture was incubated in «a large lernbach flask at 30° for 7 
days. The culture fluid, which showed heavy growth, was filtered through 
infusorial earth and the filtrate concentrated to dryness in vacuo. The 
solution of the residue in 10 ce. of water deposited 3.0 gm. of crystalline 
material on the addition of 90 cc. of ethanol. The crude product was dis- 
solved in 15 ce. of water and converted to the phenvlhydrazone by the 
addition of 3 ec. of phenylhydrazine in 6 cc. of 50 per cent acetic acid. 

The phenylhydrazone was washed with water and ethyl aleohol (weight 
3.17 gm.; decomposition point 197°) and decomposed in the customary 
manner by refluxing its suspension in 65 ce. of water with 4.8 cc. of freshly 
distilled benzaldehyde and a small amount of benzoic acid for 20 minutes. 
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The filtrate from the chilled reaction mixture was extracted with ether and 
evaporated to dryness in vacuo. To the solution of the residue in 25 cc. of 
hot water 100 ce. of hot ethanol were added. The mixture, following filtra- 
tion While hot, deposited, on being chilled, 524 mg. of l-epi-inosose (VIII), 
white needles melting (with decomposition) at 194-196°. Another prepa- 
ration of this ketone, obtained in a similar manner, melted (with decompo- 
sition) at 198°. ‘The substance was levorotatory in water (c = 2.54,1 = 2 
dm.,a, = —0.26° + 0.02°); [a]?? = —5.1° + 04°. Itshowed no muta- 
rotation. Its solution reduced Benedict’s solution in the cold. 


C'shlyO¢g (178.1). Caleulated, C 40.5, H 5.7; found, C 40.4, H 5.7 


For reduction, 50 mg. of l-epi-inosose in 6 ce. of water were shaken with 
four 300 mg. portions of 2.5 per cent sodium amalgam. The reaction mix- 
ture was kept acid by the addition of four portions of 0.37 ec. of N acetic 
acid. The dry evaporation residue of the supernatant was heated under a 
reflux with 2 cc. of acetic anhydride for 20 minutes. The excess reagent 
was decomposed with 5 volumes of water. The chilled mixture deposited 
77 mg. of crystalline material which was extracted with 0.8 cc. of boiling 
ethanol. ‘The insoluble residue was recrystallized from 6 cc. of absolute 
ethanol, when 22 mg. of heraacetyl meso-inositol were obtained, melting at 
216-217°. Admixture of an authentic specimen of this hexaacetate 
produced no depression of the melting point. 


The authors are indebted to Mr. W. Saschek for the microanalyses. 


SUMMARY 


The mechanisms of oxidation by Acetobacter suboxydans of several isomers 
of the inositol group and related cyclitols have been studied. The extent 
and rate of oxygen uptake by the different substrates have been determined 
and the oxidation products or their derivatives isolated and identified. 
epi-Inositol has been shown to yield a monoketone, l-epi-inosose; l- and 
d-inositol gave rise to a-diketones whose contigurations have been ascer- 
tained. Seyllitol and the monomethy!l ethers quebrachitol and pinitol were 
not attacked. On the basis of these results and in the light of recent work 
on the stereochemistry of cyclohexane, the minimum steric requirements 
for the oxidation of inositol isomers by Acctobacter suborydans can be de- 
scribed in the statement that only those hydroxyl groups are oxidized that are 
situated in a polar plane. 
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STUDIES OF ARTERIOVENOUS DIFFERENCES IN 
BLOOD SUGAR* 


I. EFFECT OF ALIMENTARY HYPERGLYCEMIA ON THE RATE OF 
EXTRAHEPATIC GLUCOSE ASSIMILATION 


By MICHAEL SOMOGYI 
(From the Laboratory of the Jewish Hospital of St. Louis, St. Louis) 


(Received for publication, January 26, 1948) 


The difference between the concentration of glucose in arterial and venous 
blood (A-V, arteriovenous difference) is largely a reflection of the rate of 
glucose assimilation in the extrahepatic tissues, mainly in the muscles; any 
change in the A-V should, therefore, supply valuable information regarding 
the effects of various factors which influence glucose assimilation. Yet the 
yield of investigations in this field is rather meager and often confusing. 
As a matter of fact, the only well demonstrated facts are first, that in lack 
of insulin (in the depancreatized animal) the A-V is extremely small and, 
second, that injection of insulin produces an increase in the A-V. Another 
known fact, namely the increase of A-V in the normal organism during 
alimentary hyperglycemia, is attributed to an increased insulin supply from 
the islands of Langerhans. 

These facts imply that the magnitude of the A-V is more or less pro- 
portional to the insulin supply. According to the current concept of 
human diabetes, then, the A-V should be invariably lower in diabetic than 
in normal persons. Clinical studies, however, show that after glucose feed- 
ing most diabetics exhibit A-V values as great as, and often greater than, 
the average normal person does. Unexpected and challenging as these 
findings are, they failed to elicit any satisfactory explanation. 

Even more puzzling are repeated reports of the occurrence of negative 
A-V values in the postabsorptive state, as well as during alimentary hyper- 
glycemia, in healthy and in diabetic persons. Acceptance of such findings 
is tantamount to the assumption that muscle cells are capable of secreting 
glucose into the blood stream. This disregards the well established fact 
that muscle cells cannot yield free glucose for the simple reason that they 
do not contain any. ‘This is so, first, because muscle cells are impermeable 
to free glucose that is transported in the extracellular fluids, and, second, 
because they possess no enzyme system capable of liberating glucose from 
the intracellular carbohydrates (glycogen, phosphate esters). Thus nega- 
tive A-V values can originate but from one of two sources: Either there are 
certain conditions under which muscle cells secrete into the blood some 
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reducing matter other than glucose, or else the analytical techniques em- 
ployed are unsatisfactory. 

The potential value of information that might be derived from accurate 
A-V determinations prompted a series of studies in our laboratory. But 
before embarking on this work, we subjected the analytical procedure 
involved to close scrutiny until, after eliminating several sources of error 
our technique became accurate within | mg. of glucose per 100 cc. of blood. 
By this method we found only positive A-V values without a single excep- 
tion. We found, furthermore, certain revealing patterns in the changes of 
the A-V in response to the influence of hyperglycemia, of insulin action, and 
of other factors. These changes elude observation without the maximum 
accuracy of analytical technique that is now attainable. In the present 
paper we describe the effect of alimentary hyperglycemia on A-V in healthy 
persons. But before we present our findings, the analytical procedure 
involved will be discussed in some detail. This we deem necessary, for, 


without appreciation of the decisive importance of these details, the con- . 


tradictions between our results and those of many earlier workers could not 
be properly evaluated. 


Analytical Procedure 


For glucose determinations we used the copper-iodometric technique 
described in 1945 (1). Zine sulfate and barium hydroxide served for the 
deproteinization of blood in 1:10 dilution. The venous blood was collected 
in test-tubes containing uniform mixtures of potassium oxalate and sodium 
fluoride as anticoagulant. A solution containing 5 per cent of potassium 
oxalate and 2.5 per cent of sodium fluoride was kept on hand and 0.4 ce. 
portions of it were pipetted into test-tubes. The water was evaporated 
and the residue dried at 100-105°. The fluoride was included for the inhi- 
bition of glycolysis. This precaution may seem superfluous, considering 
the fact that the normal rate of glycolysis amounts to only 10 to 14 mg. per 
eent per hour in oxalated blood, and only a few minutes elapse before the 
freshly drawn blood is deproteinized. We found, however, that even a few 
minutes suffice for a measurable decrease of the glucose content of oxalated 
blood. The rate of glycolysis under the given conditions is far from uni- 
form, a high initial rate occurring in many instances. The phenomenon is 
rather unpredictable, as there are cases in which glycolysis is not detectable 
after 5 and even 10 minutes, whereas in others it may amount to as much 
as 5 mg. per cent in a few minutes. Fluoride obviates this source of error. 

The arterial glycemic level was determined in capillary blood. This sub- 
stitution was found to be satisfactory by Foster (2) and several other inves- 
tigators. We used 1 ec. portions of capillary blood for each sugar 
determination, deproteinized in 1:10 dilution, as in the analysis of venous 
blood. The blood was drawn from a finger-tip and collected in 50 ce. 
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beakers containing the anticoagulant used for venous blood. (About 0.2 
ce. of oxalate-fluoride solution was spread over the bottom of the beakers 
and the water was expelled by drying at 100-105°.) Collection of finger 
blood, enough for two glucose determinations in | ce. portions of blood, 
presents no difficulty if the hand is warmed by immersion in water of 45-50° 
for about 5 minutes before a finger is pricked with a Hagedorn needle. That 
exposure of the hand to cold or warm baths does not affect. the blood sugar 
was ascertained in our experiments as well as in studies of other workers 
(3). In the iodometric titrations the discrepancies in duplicate deter- 
minations seldom exceeded 0.02 ce. of 0.005 N thiosulfate, which in our 
method corresponds to 0.54 mg. per cent of blood sugar; rarely did titration 
differences between duplicates reach 0.04 or 0.05 cc., which correspond to 
discrepancies of 1.0 to 1.4 mg. per cent in blood sugar values. Thus the 
differences between the mean and the individual values did not exceed 0.5 
to 0.7 mg. per cent. This fact is emphasized as the basis of our statement 
that the blood sugar values in our experiments are accurate within | mg. 
per cent. Since the A-V determinations involve two sugar determinations, 
they are susceptible to two analytical errors. While these errors may cancel 
each other, they also may be additive. In the latter case the cumulative 
error in the A-V value may amount to as much as 1.0 to 1.5 mg. per cent. 
We feel justified, therefore, in accepting, rather conservatively, changes in 
A-V which are greater than 2 mg. per cent to represent actual changes. 

It is obvious that such a degree of accuracy is not attainable with micro- 
methods in which filtrates corresponding to less than 0.5 ce. of blood are 
used. Provided that the percentage error in the measurement of 0.1 ce. 
of blood is not greater than in the measurement of 1.0 cc. of blood, the dilu- 
tion factor alone suffices to limit the accuracy of the results of micrometh- 
ods. In our method, for example, the dilution factor increases possible 
errors to 5-fold of the figures stated above if the filtrate of 0.1 ce. (instead 
of 0.5 ec.) of blood is analyzed. In consequence, when «a micromethod is 
emploved and changes in A-V values are not greater than & to 10 mg. per 
cent, they cannot serve as a basis for valid conclusions. 

The error introduced by the dilution factor is inseparable from any 
micromethod, even in the hands of competent analysts. In the Hagedorn- 
Jensen method, for instance, a titration difference of 0.02 ec. corresponds 
to 3.6 mg. per cent of blood sugar. But this is true only if the method is 
used with appropriate modifications, for in its original form, which was 
widely employed in A-V_ studies, it opens the door to gross and variable 
errors, as Was demonstrated by Folin and Malmros (4) and by Steiner and 
Kramer (5). In a word, micromethods cannot be used for studies con- 
cerned with A-V, even if the methods are adequate and are employed by 
competent analysts. 

A few additional remarks may be in place concerning the substitution of 
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capillary for arterial blood sugar. As stated before, we accepted this sub- 
stitution on the basis of the unanimous opinion of previous workers. Yet 
for our own satisfaction it was desirable to examine again the older findings 
with the analytical technique just described. ‘To this end we compared 
the glucose content of blood samples simultaneously drawn from the femoral 
artery and the finger-tip of a few hospitalized persons, performing duplicate 
analyses on 1 ec. portions of both arterial and capillary blood. Each sub- 
ject was fed 50 gm. of glucose before bleeding in order to produce substan- 
tial differences between the arterial and venous glycemic levels. This was 
done to facilitate the detection of any possible deviation of the capillary 
blood sugar from the arterial towards the venous blood. 

We carried out such analyses only on three persons, because the agree- 
ment between the glycemic level in peripheral arterial and in capillary 


TABLE I 
Showing Identity of Glucose Concentrations in Peripheral Arterial and Capillary 
Blood 
Subject - Femoral artery blood | Finger-tip blood | Time after ingestion 
| | of SO mg. glucose 
R.B., 38 yrs., male Lost | 959.4 | 
359.1 | 35 
134.7 134.8 | 135.0 135.0 | 52 
W.C.,18 | 92.3 929.0 | 92.6 92.2 | 55 


91.8 | 91.8 | 


blood was so strikingly complete that it appeared superfluous to expand 
these experiments further. The identity of the glucose concentration in 
the femoral arterial blood and in the capillary blood is well demonstrated 
by the analytical data in Table I. (These figures also illustrate the degree 
of accuracy attainable in glucose determinations.) It may be noted that 
discrepancies in all three cases are less than 1 mg. per cent. Yet, in 
the other experiments reported in this paper we have not recorded fractions 
of a mg.; the glucose values, we felt, present the facts adequately enough 
with the decimal fractions rounded out to the nearest whole number. 
Although we invariably analyzed capillary instead of arterial blood, we 
have denoted the capillary glucose values as arterial blood sugar and speak 
of arteriovenous rather than of capillary-venous differences. This seeming 
inaccuracy of terminology should be tolerated for the following reasons: 
In the first place, this has been the general usage in all publications, includ- 
ing articles in this Journal, during the past 25 years, and we did not feel 
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justified in introducing a departure from this usage without compelling 
reasons. Secondly, there is no reason for the departure, since the actual 
identity of arterial and capillary blood sugar values precludes any misunder- 
standing or confusion. 


A-V Difference in Postabsorptive State 


As a basis for further observations it is well to record here the A-V we 
found in healthy individuals in the postabsorptive state (10 to 14 hours after 
the last meal). In Table Il are presented our last 100 individual cases, 
grouped according to increasing values. It may be noted that the A-V 
is positive in every instance; @.e., the arterial blood sugar is always higher 
than the venous. This is in line with the well recognized fact that muscle 


TABLE II 
Arteriovenous Differences in 100 Healthy Individuals in Postabsorptive (Fasting) State 
The values represent mg. per 100 ec. of blood. 


er ee AY Postabsorptive glucose in 


arterial blood 

9 1 $2-96 
11 2 79-97 
12 3 §4-92 
21 | 4 78-93 
17 | 5 79-96 
13 6 87-95 
10 7 86-96 

1 8 90 

3 9 85-92 

3 10- 


13 838-94 


| 


cells continually assimilate blood sugar, and hence the concentration of 
glucose inevitably decreases during the passage of blood through the tissues. 
But the A-V values are rather small, only from 1 to 7 mg. per cent in 93 of 
100 cases. Thus negative A-V values can easily result from relatively 
slight analytical errors (see the preceding section). 

The magnitude of the A-V is not an individual characteristic; it may vary 
within the normal limits from day to day in any healthy person. Nor is it 
related, as it may be noted in Table II, to the postabsorptive glycemic level. 


Effect of Alimentary Hyperglycemia 


Hyperglycemia produced either by oral or by parenteral administration 
of glucose always entails a substantial increase in the A-V, a manifestation 
of an increased rate of glucose assimilation in the muscle tissues. This 
change is generally attributed to increased insulin action, due to the aug- 
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mented secretory activity of the islands of Langerhans under the stimulating 
effect of hyperglycemia. The A-V values are without exception positive. 
The large negative values often encountered in the literature (6-8) are 
undoubtedly the results of analytical errors. 

In Table III are presented some of the results accumulated in our labora- 
tory during the last 2 years. They are examples of observations on forty- 
four healthy individuals, in whom the changes in the sugar level in both the 
arterial and venous blood were followed for a period of 4 hours after the 


TaBLe III 
Effect of Alimentary Hyperglycemia on Arteriovenous Difference 
The values represent mg. per 100 cc. of blood. 


Arterial blood sugar, after ingestion A-V, after ingestion 
Serial of glucose of glucose 
No. of Sex, age 


hr. hr. hr. hrs. | hrs. hrs. | hr. | hr. hrs. hrs. 


21 | F., 94/133 118 103; 99, 99 7, 37 | 35 | 28 | 23 | 23 


aj 


3 * “* | 88] 148/115; 108) 94) 68 4) 28/13] 
92 | 149 | 122 116 | 122 119 4 43 23) 31 21 | 25 
* 88 | 134 149 116 106 77 +1, 20> 20/18 13. 2 
83 154 148 | 107 80) 73 2) 28/| 49/33) 16! 3 
97 | 155 | 188 | 151 | 126 73 35 | 29 35! 6 
7 | “ S88 163 142! 122/118 73 4/ 22| 23/29,16: 2 
84 169 153 165 | 142 80 3) 22) 30/23 20) 6 
90 170/'126!120, 80 92 1 20 18 10) 12 
* 91 | 170 | 142 | 123} 64! 70 48/31) 3) 1 
15 * 94 173 100' 68 79 6. 23.48 30 18. 2 
85 160 176! 146 128 115 3 37/55 34 25)! 22 
16 M.,49 181 | 143 | 105 83) 57) 11 | 48' 33/11; 6] 4 
25 88 | 185 141/111 72; 69 13) 38/12, 7 


| | 102 


176 190 145 144) 62 27) 50 33° 13 


oral administration of 100 gm. of glucose under standardized conditions. 
Cases in which the hyperglycemic peak rose above 150 mg. per cent in the 
venous, or above 190 mg. per cent in the arterial blood, were excluded from 
the normal series, since these higher peaks were regarded as signs of abnor- 
mally diminished glucose tolerance. We also ruled out those in which the 
blood sugar continued to rise during the 2nd hour after the ingestion of 
glucose. 

To save space, the values for venous blood sugar were not included in 
Table III, since they can be readily obtained by deducting the A-V values 
from those for the arterial blood sugar. For the same reason, only about 
one-third of the cases is presented; this gives a satisfactory picture of our 
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findings. The experiments are arranged according to increasing peaks in 
the hyperglycemia for renzsons which will be clear presently. 

A glance at Table III discloses great individual variations, a fact that is 
by no means surprising. ‘The only pronounced uniformity, with only 
occasional discrepancies, consists of the prompt and steep increase in the 
A-V as soon as the blood sugar begins to rise, and a somewhat less consistent 
decline of the A-V as the hyperglycemia subsides. As a rule, a maximum 
A-V value is attained within 0.5 to 1 hour after the ingestion of the glucose. 


~ Chours) after ingestion of 190gm. glucose 
os 4 2 5 
L 


ric. 1. Composite glucose time curves ‘tolerance curves) in arterial and venous 
blood of forty-four healthy persons during 4 hours after the ingestion of 100 gm. of 
glucose. 


But from this point on individual variations in the relation between the 
glycemic level and the A-V are evident, with one notable exception. That 
is, the A-V remains consistently higher than its initial (postabsorptive) 
value, and returns to the latter, or below it, only after the glycemic level 
has declined below its postabsorptive level. 

A general pattern of the responses to glucose feeding is presented in Figs. 
l and 2, which represent the average values of the forty-four experiments 
of this series. In Fig. 1 it may be noted that statistically the hyperglycemic 
peak oceurs 0.5 hour after the ingestion of clucose, both in the arterial and 
in the venous blood, and that the peak is followed by a continuous decline 
until the glycemic level drops below the postabsorptive level at the end of 
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the 4th hour. The average A-V (Fig. 2) follows a similar pattern, but its 
changes show a discernible lag compared with the changes of the blood 
sugar curves. This lag is manifest in a slight but discernible increase in the 
A-V during the second half hour period, when the blood sugar is already 
declining. A similar lag is noticeable in the declining phase of the curves; 
at the 4 hour period, when the blood sugar curves dip below the fasting 
level, the A-V is still slightly greater than the initial value. This chrono- 
logic lag is but an expression of the fact that the changes in A-V are the 
functions of the changes in the glycemic level. 
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difference, mg. glucose per 100 b/ 
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Time (hours) after ingestion of 100 gm. Ose 
3 


4 
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Fic. 2.:Composite curve representing the changes in arteriovenous difference in 
forty-four healthy persons during 4 hours after the ingestion of 100 gm. of glucose. 


That alimentary hyperglycemia entails increased A-V values is a well 
recognized fact. Our experiments now show that this quantitative relation- 
ship is more intimate than it was considered previously. We found that 
the higher the peaks of the hyperglycemia, the greater is the maximum 
A-V. This relationship is discernible in Table III, but, owing to the natural 
constitutional differences between the subjects in these experiments, this 
relationship is not readily apparent. On closer scrutiny, however, it is 
noticeable that the highest A-V tends to occur in those cases in which the 
hyperglycemic peaks are highest (bottom group of Table III). That this is 


the general rule became clearer when we classified our forty-four cases into 
three groups: the first with hyperglycemic peaks ranging between 131 and 
150 mg. per cent, the second with peaks between 151 and 170, and the 
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third with peaks between 171] and 190 mg. per cent. The respective aver- 
ages of the hyperglycemic peaks in the three groups then were correlated 
with the averages of the corresponding maximum A-V, as presented in 
Table IV. It may be seen that in the first two groups, in which the average 
hyperglycemic peaks are 141 and 163 mg. per cent, respectively, the maxi- 


TABLE IV 


Quantitative Relationship between Height of Hyperglycemic Peak in 
Arterial Blood and Magnitude of Arteriovenous Difference 


The values represent mg. per 100 ec. of blood. 


—_ 


Peak of byperglycemia in arterial blood AV maximum 
Range Average Range Average 
12 131-150 141 20-50 | 34 
24 | 151-170 163 19-52 35 
8 | 171-190 182 31-58 48 
TABLE V 


Higher Hyperglycemic Peaks Entail Higher Arteriovenous 
Differences in Same Individual 


The numbers in bold-faced type indicate peaks. 


Wee | 


Arterial blood Venous blood 
gm. min. | me. per 100 cc. mz. per 100 cc. meg. per cen! 
10 0 | 84 79 5 
20 : 120 109 11 
| 30 | 121 111 10 
| 45 109 98 11 
25 | 0 $2 79 3 
10 113 103 10 
| 20 146 127 | 19 
| 30 159 129 30 


45 153 126 27 


mum A-V values are much the same, in seeming contradiction to our con- 
tention. In the third group, however, with an average peak of 182 mg. per 
cent, the maximum A-V steeply rises from 35 mg. per cent to 48 mg. per 
cent. 

In this survey the material was not sufficiently extensive to suppress the 
influence of individual variations. We climinated this factor by producing 
different degrees of alimentary hyperglycemia in one and the same indi- 
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vidual. In one group of subjects this was attained by the oral feeding of 
variable gmounts of elucose. ‘Two ex:miples ot such expernnents nre pre- 
sented in Tables V and VI. Table V shows that after ingestion of 10 gm. 
of glucose, when the hyperglycemic peak was 120 mg. per cent, the maxi- 
mum A-V was 11, whereas, when the ingestion of 25 gm. of glucose increased 
the hyperglycemic peak to 159 mg. per cent, the maximum difference was 
almost trebled; 7.c., it rose to 30 mg. per cent. The otherexample, given in 
Table V1, shows a similar quantitative relationship at three different hyper- 
glycemic levels. ‘The slight hyperglycemia of 111 mg. per cent, elicited by 
the ingestion of 5 gm. of glucose, produced the barely discernible increase 


VI 
Consistent Increase of Maximum Arteriovenous Difference with 
Increasing Hyperglycemic Peaks in Same Individual 


The numbers in bold-faced type indicate peaks. 


Glucose ingested | 
Arterial blood Venous blood 
gm. min. mg. per 100 cc. me. per 100 cc, | me. per cent 
5 | 91 l 
15 111 110 
30 102 LOU 2 
| 45 O4 WwW) 4 
25 | 0 88 S4 4 
15 122 110 12 
30 171 155 16 
45 165 15] 17 
100 S7 SO 2 
30 IS2 150 32 
45 195 157 38 


of 3 mg. per cent. After the ingestion of 25 gm. of glucose the hypergly- 
ceraic peak was 171, and after 100 gm. of glucose it was 195 mg. per cent; 
the corresponding maximum A-V values were 17 and 38 mg. per cent, 
respectively. 

Since the hyperglycemic peak cannot be raised beyond a certain maxt- 
mum level by oral feeding of glucose (the maximum being produced by the 
ingestion of from 25 to 50 gm. of glucose), we resorted to the intravenous 
administration of glucose in order to see whether or not abnormally 
increased hyperglycemia elicits an abnormally high A-V. In one experi- 
ment, the results of which are presented in Table VII, a healthy person Was 
fed at one time 100 gm. of glucose by mouth, and on another occasion 50 
ym. of glucose were given by mouth and at the same time 100 gm. of glucose 
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(in 10 per cent solution) were injected intravenously at a constant rate in 
the course of 2 hours. As may be seen, after oral administration the hyper- 
glycemic peak was 166 mg. per cent, while by additional intravenous admin- 
istration an abnormally high peak of 286 mg. per cent was produced. The 
corresponding maximum A-V values were 36 and 85 mg. per cent, respec- 
tively. These observations demonstrate unequivocally the fact that in 
healthy individuals the A-V increases with increasing levels of alimentary 


hyperglycemia. 


TaBLe VII 

Exaggerated Hyperglycemic Levels Entail Exaggerated 
Arteriovenous Differences in Healthy Person 

The numbers in bold-faced type indicate peaks. 


Time after Glucose | 
of glucose Arterial blood | “Venous blood | 


Aue. 19, 1946, after ingestion of 100 gm. duce. 


Ars. | Me. on 100 ce. Me. 100 ce. mg. per ceni 
| 95 89 | 6 
0.5 136 105 31 
l 166 130 36 
2 15T 134 ! 17 
3 145 | 126 : 19 


May 7, 1946, after ingestion of 50 gm. and 
intravenous infusion of 100 gm. at rate of 50 gm. per hr. 


Q 90 SS 2 
0.5 250 193 67 
| 286 201 85 
2 277 217 60 
3 105 87 18 


Roéle of Extrahepatic Tissues in Homeostasis of Glycemic Level 


This phenomenon reveals the important role of the extrahepatic (mainly 
muscle) tissues in the control mechanism which regulates the blood sugar, 
with the tendency to balance its concentration as near as possible at the 
constant postabsorptive level. The part of the liver in the performance of 
this task has been well known since Claude Bernard. Lately it was demon- 
strated in well controlled experiments (9) that the higher the hyperglycemic 
level, the greater is the rate of glucose assimilation in the liver. In other 
words, increase in the glucose concentration of the blood entails an increase 
in the amount of glucose which the liver removes from the blood. This is 
a potent factor in the control of the glycemic level. This fact has occa- 
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sionally been emphasized in such a manner as to convey the impression that 
the liver is the only important factor in the homeostasis of the glycemic 
level (10). The response in the extrahepatic tissues to increasing blood 
sugar concentrations, as shown in the preceding section, is the same as in 
the liver. This makes it understandable that during alimentary hyper- 
glycemia the muscles remove even more glucose from the blood than the 
liver does (11), and thus their function in the homeostasis of the glycemic 
level is by no means less significant than that of the liver. 


SUMMARY 


Determinations of the differences between glucose concentrations in 
arterial (capillary) and venous blood (A-V difference) of healthy persons 
in the postabsorptive state and during alimentary hyperglycemia are 
presented. 

The glycemic level is always higher in the arterial than in the venous 
blood; this holds true in the postabsorptive state as well as during alimen- 
tary hyperglycemia. Reversal of this relationship was not encountered; 
t.e., the difference, arterial blood sugar minus venous blood sugar, is always 
a positive quantity. The average value in the postabsorptive state is 4.8 
mg. per cent. The average of the maximum A-\, statistically occurring 
1 hour after feeding 100 gm. of glucose, was 33.5 mg. per cent; the highest 
value was 58 mg. per cent. 

The increase of the A-V is a function of the hyperglycemic level; 1.¢., the 
higher the hyperglycemic peak, the greater becomes the A-V. 

The importance of the adequacy of the analytical technique in studies of 
A-V is emphasized. 
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TROPHENYLHYDRAZINE METHOD* 
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By the Roe and Kuether (1) method for the determination of vitamin C 
dehydro-l-ascorbic (DHA) and diketo-l-gulonie acid (DIXA) are not differ- 
entiated. The basic principle of this method, however, is adaptable to the 
determination of l-ascorbie acid (AsA), DHA, and DIX in the presence of 
each other. It is the purpose of this paper to report methods for such 
determinations. 

The first problem to overcome in this work was the extraction of the 
three compounds from tissues. This must be done by techniques that will 
not permit the oxidation of AsA to DHA and will keep at a minimum the 
change of DHA into DKA. Roe and Oesterling (2) prevented the oxidation 
of AsA in plant tissues by extracting with a metaphosphoric acid solution 
containing | per cent of thiourea. However, in animal tissues thiourea will 
not adequately prevent the oxidation of AsA during extraction because of 
the powerful oxidant effect of oxyhemoglobin. The problem was solved by 
adding SnCl. in 10 per cent concentration to the HPO; solution; SnCl. 
effectively reduces the oxyhemoglobin of animal tissues. lurthermore 
SnCl. is a more convenient reagent, since it can be removed later in the 
procedure. 

The procedure developed consists of grinding the tissue under 10 per cent 
solution of stannous chloride in 5 per cent HPOs, after which enough 5 per 
cent metaphosphoric acid solution is added to make the SnC ls concentration 
0.5 per cent. 

From data on melting points, nitrogen content, and chromatographic 
adsorption Penney and Zilva (3) came to the conelusion that the 2 ,4-dini- 
trophenylhydrazine derivatives of AsA, DHA, and DISA are the same com- 
pound. Absorption curves of the derivatives of DHA and DIXA, prepared 
by ourselves, also indicate that these derivatives are identical substances. 
Penney and Zilva (3) have postulated that 2,4-dinitrophenylhydrazine 
couples only with DKA and, therefore, DHA gives rise to a derivative in 
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the presence of this reagent only after conversion to DIKA. Our studies 
support this hypothesis of Penney and Zilva. 

To determine DKA in the presence of AsA and DHA through the 2,4- 
dinitrophenylhydrazine derivative one might make use of the more rapid 
rate of coupling of DKA with 2,4-dinitrophenylhydrazine, as Penney and 
Zilva did (3), or one might reduce the DHA with H.S and then couple the 
unchanged DKA with 2,4-dinitrophenylhydrazine. The HeS procedure 
is the classical method for differentiating between the two compounds and 
for analytical work it was found by us to be more sensitive, udaptable, and 
reliable. 

Analysis of metaphosphoric acid-stannous chloride filtrates of tissues 
containing AsA, DHA, and DKA by the 2,4-dinitrophenylhydrazine pro- 
cedure gives a composite value which includes DHA and DKA (called 
Determination 2). Appropriate treatment of this filtrate with H.S reduces 
the DHA and leaves the DKA almost completely unchanged. Analysis 
of this filtrate by the dinitrophenylhydrazine method gives the DIXA con- 
tent (Determination 1). Subtracting this result from the value of Deter- 
mination 2 gives the DHA. Bromine oxidation of the HS filtrate, after 
removal of HS, vields a solution containing all of the vitamin C in the 
oxidized forms. Analysis of this solution by the dinitrophenylhydrazine 
method gives a composite value including AsA, DHA, and DKA (Deter- 
mination 3). Subtracting the value for Determination 2 from that for 
Determination 3 gives the AsA content of the original extract. 

Factors Affecting Coupling Rate—Since initially DKA solution produces 
more derivative with 2,4-dinitrophenylhydrazine that does DHA solution, 
it was necessary to set up conditions that will permit the coupling to go 
practically to completion. We use a strongly acid reaction mixture to pro- 
mote coupling, as the rate of change of DHA into DIKA is accelerated by 
the hydrogen ion. In our reaction mixture the coupling of DHA with 
2 ,4-dinitrophenylhydrazine in 1 hour at 37° is 70 per cent of that of a molar 
equivalent of DKA with the same reagent. As is indicated in Fig. 1, the 
curves showing coupling of DHA and DKA are very close at the 5 hour 
period and practically superimposed upon each other at 14 hours. 

However, AsA will show slight coupling at 37° in a prolonged incubation 
period. Since error begins to occur from coupling with ascorbic acid after 
8 hours of incubation, a 6 hour incubation period was adopted as most 
satisfactory for our procedure. The coupling of DHA is 95 per cent of that 
of DKA during this time, and this error is constant and can be corrected 
for in accurate work. 

The rate of coupling is influenced by the concentration of the reducing 
agent present in the reaction mixture (4). Since in Determination 1 the 
SnCk is removed by H.S treatment, it is necessary to add another reducing 
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agent to prevent reoxidation of AsA and to provide the correct medium for 
coupling with 2,4-dinitrophenylhydrazine. For this purpose we use thio- 
urea in a concentration of 1 per cent, which was found to yield essentially 
the same coupling curve as 0.5 per cent SnClh. 

Conditions for Complete Reduction of Dehydroascorbic Acid-- Most workers 
have utilized a pH of 3.5 when reducing DHA with H.S. This is an opti- 
mum condition if DHA is the only oxidation product present. In an 
attempt to establish what conditions blocked the reduction of DHA in the 
presence of HS and SnCl, we worked at various acidities from pH 0.4 to 
7.0. pH readings were taken after removal of the SnS by filtration. The 
curves given in Fig. 2 show that reduction with H.S for 15 minutes results 
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HOURS INCUBATION 


Fig. 1. Coupling rates of DHA and DKA. Standardized DHA and DKA solu- 
tions, containing | per cent thiourea, were incubated with 2, 4-dinitrophenvlhvdrazine 
at 37°. 


in complete regeneration of AsA at pH ranges from 4.7 to 1.2. Below pH 
1.2, the reduction is sharply diminished. Reduction of DHA was practi- 
cally complete in 5 minutes at pH 3.5, but required 15 minutes at pH 1.2 
to 2.0. It is suggested that the slower reduction of DHA at low pH values 
is due to a decreasing HIS concentration with increasing acidity, although 
at very low pH values the failure may be due in part to a conversion of 
DHA to DKA (Fig. 3). Other reducing reagents were tried, including 
SnCl, and NaS, but none proved as satisfactory as HS. 

Conditions for Protection of Dk A—-In the presence of HaS, DKA is slowly 
converted into an unknown product (5). This change is not a reduction to 
AsA, since subsequent reoxidation does not restore the original value. 

In studying this conversion we first determined the amount of DKA 
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remaining in a solution after exposure to H.S for different lengths of time, 
at several pH values, as shown in Fig. 4. It can be seen that DICA is slowly 
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pH OF REDUCTION MEDIUM 


Fic. 2. Reduction of DHA at various pH values. Fresh DILA solution was pi- 
petted into buffers of 5 per cent HTPO; adjusted with concentrated HC! or solid 
Na2CO;. The solutions were reduced immediately with H.S for 5 or 15 minutes; pH 
values were taken after reduction. 


' 2 3 4 5 
pH OF BUFFER 
Fic. 3. Conversion of DHA to DKA at various pH values. Fresh DHA solution 


was pipetted into buffer solutions 4 hour before analysis. The pH was adjusted to 
1.25 before reduction. 


diminished as a direct function of time. The change is also seen to occur 
with greater rapidity at increasing pH values. Protection at pH 1.3 was 
approximately 97 per cent with 15 minutes exposure to HS. 
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This leaves a fairly restricted pH at which to work for complete reduction 
of DHA and satisfactory protection of DIXKA. We found the range of pH 
1.25 to 1.30 to be safest, and since this is the pH of fresh 5 per cent HPOs, 
the latter concentration of acid was adopted for use. 


Analytical Procedure 


Extraction —Tissue is throughly ground in a mortar under 1 volume of 
10 per cent solution of SnCl, in 5 per cent HPO;. 19 volumes of 5 per cent 
HPO; solution are added. (Do not use a Waring blendor or homogenizing 
apparatus that would introduce increased amounts of oxygen into the 
slurry.) The slurry is thoroughly mixed and filtered. A solution with a 
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HOURS REDUCED WITH H,S 


Fic. 4. Per cent DKA not recoverable by the 2,4-dinitrophenylhydrazine method 
after H.S treatment. Solutions in 5 per cent HPO; were adjusted to different pH 
values with solid Na2,COy, or concentrated HCl and exposed to H.S at 25° for varying 
periods up to 3 hours. 


dilution of 1 part of tissue in 100 parts of extract is desirable and in dilutions 
greater than this a concentration of | to 10 y per ec. of total AsA, DHA, 
and DKA is recommended. It is necessary to work rapidly to prevent 
changes in partition of the three compounds. A conversion of DHA to 
DKA of 5.7 per cent in a solution containing 0.5 per cent SnCl-5 per cent 
HPO, was observed in 1 hour at room temperature. 

Determination of DK A—Place 100 ce. of the original SnCl.-HPO; filtrate 
in a large test-tube. Introduce a gas filter tube with a sintered glass filter 
about 20 mm. in diameter and pass H.S through for 15 minutes. To 40 ce. 
of the H.S-saturated extract add 0.4 gm. of powdered thiourea, shake until 
the latter is dissolved, and filter. Into the filtrate bubble CO, for 5 minutes. 
Pipette 4 cc. aliquots of this solution into each of three photoelectric colori- 
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meter tubes. Add 1 ce. of 2 per cent 2,4-dinitrophenylhydrazine in 9 x 
H.SO, to two of these tubes and hold one tube as a blank. Place the three 
tubes in a water bath at 37° for 6 hours. From here on the analysis is the 
same as that described by Roe and Kuether (1). The value obtained here 
is the DIXA content. 

Composite Determination of DHA and DKA; for DHA Content—-A ee. 
aliquots of the original SnCl.-HPO, filtrate are pipetted into each of three 
colorimeter tubes. 1 ec. of 2 per cent 2,4-dinitrophenylhydrazine in 9 x 
H.SO, is pipetted into two of the tubes, the third tube being held as a blank. 
The three tubes are placed in a water bath at 37° for 6 hours. The analysis 
from here on is identical with that described by Roe and Kuether (1), 
From the value obtained here subtract the DIXA valued determined above 
to get the DHA content. 

Composite Determination of AsA, DHA, and DKA; for AsA Content—The 
remainder of the H.S-saturated solution is filtered to remove SnsS (thiourea 
is not added) into a test-tube suitable for bubbling gas. Air is drawn 
through this solution until the HeS is removed. The air should be drawn 
through a water trap before passing through the H.S solution to minimize 
volume changes. Sufficient bromine is added to color the solution. Excess 
bromine is removed by bubbling air through the solution as above. Pow- 
dered thiourea in quantities sufficient to make a | per cent solution is added. 
4 ec. aliquots of this solution are pipetted into each of three colorimeter 
tubes. 1 cc. of 2 per cent 2,4-dinitrophenylhydrazine in 9 N HoSQ, is added 
to each of two tubes and the third tube is held as a control. The three 
tubes are placed in a water bath at 37° for 6 hours. From here on proceed 
as described by Roe and Kuether (1). The result obtained here is a com- 
posite value including AsA, DHA, and DIXA. From this value subtract 
the composite value for DHA and DKA obtained above. This gives the 
AsA content. 

Preparation of Calibration Curves—Since in the above procedures the 
rate of coupling is influenced by the acid solution used and the antioxidant 
present, it is important in preparing a calibration curve to use the same 
eoncentration of HPO; and thiourea or SnCl. as is used in the procedure 
followed for the unknown. We use a calibration curve made with standard 
dehydroascorbie acid solution prepared by bromine oxidation of ascorbic 
acid as directed by Roe and Oesterling (2). The standards are made up in 
5 per cent HPO; solution containing | per cent of thiourea. The tubes are 
incubated for 6 hours at 37°. The curve obtained with 1 per cent thiourea 
is practically the same as that obtained with 0.5 per cent SnCle. Therefore, 
ealeulations of DHA, DKA, and AsA are all made with the same standard 


curve. 
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Recovery Studies 


The method outlined above was tested on solutions of known concentra- 
tion. Recoveries are shown in Table [. The AsA solution was prepared by 
dissolving crystalline ascorbic acid! in 5 per cent HPO;. The DHA solution 
was prepared by dissolving the crystalline ascorbic acid in distilled water, 
oxidizing with bromine, and removing the excess oxidant by bubbling air 


TABLE I 


Recovery of Ascorbic, Dehydroascorbic, and Diketogulonic Acids from Solutions 
of Known Concentrations 


AsA | DHA | DKA 
y per 4c y per per 4 

Pure solutions Amount present 36.7 0.0 0.0 
Found by method 36.4 0.2 0.0 

Amount present 0.0 | 35.5 0.0 

Found by method 0.0 35.2 0.4 

‘Amount present 0.0 0.0 61.2 

Found by method 0.0 0.2 60.6 

Amount present | 14.5 0.0 19.4 

Found by method | 14.0 0.2 19.3 

Amount present 0.0 18.7 21.0 

Found by method | 0.0 18.8 20.7 

Additions to blood Amount present he 0.0 0.0 
Found by method | 35.1 | 0.1 0.0 

Amount present | 0.0 | 29.5 0.0 

Found by method | oe i aA 0.5 

Amount present | 0.7 24.2 

Found by method 0.0 0.6 24.5 

Additions to spinach Amount present 33.4 1.4 0.0 
Found by method 33.5 1.0 0.2 

Homogenization with Amount present 40.0 0.0 0.0 
29.0 10.0 0.9 


Waring blendor Found by method 


through the solution for 5 minutes. The DKA solution was made from 
calcium diketogulonate prepared by a modification of the Penney and Zilva 
method (6). Additions of AsA, DHA, and DKA were made to blood 
because the latter presents the most critical test of the method owing to its 
high oxyhemoglobin content. A loss of about 4 per cent of dehydroascorbic 
acid added to blood is shown in Table I, which seems unavoidable even with 
the use of such protective reagents as SnCh, HS, and thiourea. The re- 
coveries obtained with blood, however, are good in view of the fact that the 
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amounts added were 100 times in excess of the amount normally present. 
Recoveries of the three forms of the vitamin added to other animal tissues 
were entirely satisfactory. 

This method has been successfully applied to analyses of ascorbic acid 
and its oxidation products in fresh plant and animal tissues and in processed 
foods. The results will be reported later. 


SUMMARY 


A method is presented for the determination of diketo-l-gulonie acid, 
dehydro-l-ascorbic acid, and l-ascorbie acid, each in the presence of the 
others, by means of the 2,4-dinitrophenylhydrazine method. 
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DISTRIBUTION STUDIES 
X. ATTAINMENT OF EQUILIBRIUM 


By GUY T. BARRY,* YOSHIO SATO,* anp LYMAN C. CRAIG 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, January 19, 1948) 


One of the requisites for the application of the counter-current distribu- 
tion procedure to any solute or mixture of solutes is the establishment of 
complete equilibrium between the two phases at each step. This is neces- 
sary if the partition ratio is to be used for the calculation of a theoretical 
curve (1) and in most cases is advisable also in order to achieve the best 
separation possible with a mixture of solutes. Thus far in our work equi- 
librium has been established by inversion of the barrel of the distribution 
apparatus, then righting it again, 50 times before the phases were allowed 
to separate. The rate of inversion was so adjusted that good dispersion 
was maintained. That essential equilibrium had been established was 
made certain by the good agreement between experimental and calculated 
curves (1). With the possible exception of one instance, no case has yet 
been found where 50 inversions have not given essential equilibrium. 

However, the possibilities inherent in the use of higher numbers of trans- 
fers are being explored and for this purpose any reduction in the time re- 
quired at each step becomes of increased importance. Moreover, with 
unstable solutes such as the penicillins the time of the distribution should 
be reduced as much as possible in order to minimize the percentage of trans- 
formation. A simple quantitative method of studying the rate at which 
equilibrium is established has therefore been devised which simulates the 
equilibration conditions of the distribution apparatus as nearly as possible. 

In this procedure the equilibration vessel was a glass-stoppered Pyrex 
tube with approximately the inside dimensions of one of the tubes of the 
distribution apparatus; 7.e., 7.5 inches in length and 0.5 inches in diameter. 
An arbitrary weight of the solute was dissolved in one of the phases and 
placed in the tube. The other phase was carefully stratified above or below 
the one previously inserted in the tube so as to avoid mixing. The tube 
was then attached to the barrel of the distribution apparatus and an arbi- 
trary number of standard inversions was applied. The two phases usually 
separated in about 30 seconds. The amount of solute in each phase was 
then determined by some suitable analytical method and the ratio of the 
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concentrations was recorded. The procedure was repeated successively 
with varving numbers of inversions. The logarithms of the ratios so ob- 
tained were plotted as ordinates against the number of standard inversions 
as abscissa as in Fig. 1. A second curve was then determined in the same 
manner, except that the solute in this case was initially dissolved in the 
other phase. 

An example of such a study is given with benzylpenicillin in the system 
ethyl ether-3 mM phosphate buffer at pH 4.60 (System 2 (2)). For each 
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Kia. 1. Rate of establishment of equilibrium. Curves 1 and 2, benzylpenicillin 
in ethyl ether-3 mM phosphate buffer at pH 4.60; Curves 3 and 4, p-hydroxybenzyl- 
penicillin in ethy! ether-3 m phosphate buffer at pH 4.9; Curves 5 and 6, benzylpeni- 
cillin in ethyl ether-2 m phosphate buffer at pH 4.86. 


determined point of Fig. 1 approximately 10 mg. of the sodium salt were 
used. The concentrations were derived spectroscopically at a wave-length 
of 260 my with the Beckmann quartz spectrophotometer. ‘The equilibra- 
tions were made in the cold room at 5—-6° with 8 cc. of each of the phases. 
Obviously the point at which Curves | and 2 merge will give the number of 
inversions required for essential equilibrium. 

Although the data given in Fig. 1 were sufficient to permit selection of 
the optimum operating conditions with the distribution apparatus for the 
particular case, it appeared that the investigation in itself was deserving of 
further study. It was soon found that the values obtained could be repro- 
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duced readily in different tubes with similar dimensions. The amount of 
solute taken initially within. certain limits was not critical. It proved 
unnecessary to attach the glass tube to the distribution apparatus in order 
to reproduce the result. Beyond these conditions almost any other change 
had its effect. 

The number of inversions required for the pair of curves to merge was 
found to depend strongly on the relative volumes of the phases, on the value 
of the partition ratio, on the temperature, on the particular solute involved, 
and on the type of system used. Thus, the result obtained with p-hydroxy- 
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Fic. 2. Rate of establishment of equilibrium. Benzylpenicillin in isopropyl 
ether-3 Mm phosphate buffer at pH4.9. Curves l and 2 at 5-6°, Curves 3 and 4 at 24°, 


benzylpenicillin in ethyl ether-3 mM phosphate at pH 4.9 (System 3 (2)) is 
eyown in Curves 3 and 4 of Fig. | and that with benzylpenicillin in ethyl] 
ether-2 M phosphate at pH 4.86 (System 6 (2)) is given by Curves 5 and 6. 

In Fig. 2 benzylpenicillin has been studied in isopropyl! ether-3 mM phos- 
phate at pH 4.9, 13 and 7 ce. respectively. The inversions were made at 
5-}° for Curves 1 and 2 and at 24° for Curves 3 and 4. As might be ex- 
pected, increasing the temperature increased the rate at which equilibration 
Was established. 

The problem of the rate of interchange of a solute between two immiscible 
liquids in intimate contact is one of considerable interest, particularly for 
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the industrial chemist and physiologist. Accordingly, a considerable litera- 
ture exists on this subject (3, 4) in which definite resistance to the immediate 
establishment of equilibrium has quite generally been noted. The experi- 
mental observations appear to be interpreted best in terms of the “‘two film” 
theory. A discussion of this rather involved theory would appear scarcely 
warranted in the present connection. However, the results we have ob- 
tained all would appear to be in line with such a theory. 

As would be expected from the theory, gentle stirring of the two layers 
in the tube by slow tilting or inversion, so that the phases were not dispersed 
into tiny droplets, has given a very poor rate of interchange. On the other 
hand, a quick inversion followed by a slight pause before the next inversion 
would appear to offer the optimum conditions for interchange, since the 
droplets begin to coalesce during the pause only to be broken up again at 
the next inversion. This could, on the basis of the ‘‘two film” theory, well 
reduce the resistance to interchange of the solute at an interface to a 
minimum. 

In connection with such a view-point, it might be interesting to speculate 
on the effect an emulsifying agent might have on the rate of interchange of 
solute, since here, although the droplet is very small, its surface could be 
stabilized, have greater viscosity, and would be more like a solid. It is 
conceivable that such a condition might not give good interchange of solute. 
Although we do not have quantitative data on this point, we have fre- 
quently noted that an experimentally determined partition ratio was diffi- 
cult to duplicate when the phases emulsified during equilibration so that 
centrifugation Was required to cause separation. 

Not only was benzylpenicillin found to reach equilibrium at different 
rates in different systems but in some systems it was also found to approach 
equilibrium at different rates, depending on whether it passed from one 
phase or from the other. An interesting example of such a case was that 
represented by Curves | and 2 of Fig. 1. The net rate of ‘‘escape”’ of the 
solute from the buffer phase is slower than that from the ether phase. The 
reverse might have been expected, since at equilibrium the solute existed 
in the ether phase in 5-fold the concentration of that in the buffer phase. 

In connection with this latter point Curves 3 and 4 in Fig. | are interest- 
ing. With this solute, p-hydroxybenzylpenicillin, the concentration in the 
buffer phase was 2.8-fold that in the ether phase at equilibrium. Yet 
Curves 3 and 4 are similar and show approximately equal rates of escape of 
the solute from either phase. 

Of considerable interest to the method of counter-current distribution, 
particularly when applied to the investigation of unknown mixtures, might 
be the result obtained for the case of intentional operation of the apparatus 
at disequilibrium. This could be studied easily for benzylpenicillin in the 
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system used for Curves | and 2 of Fig. 1 by using something less than twenty 
inversions for the equilibrations during the distribution. Accordingly, a 
distribution was made in the standard manner with only eight inversions 
at each step. The result of this distribution is shown in Curve 1, Fig. 3. 
Had the distribution been made at complete equilibrium, the calculated 
distribution shown by Curve 2 would have been obtained. 

These two curves suggest an interesting possibility in connection with the 
theoretical separation of a binary mixture. Two solutes might have iden- 
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Fic. 3. Effect of disequilibrium on counter-current distribution curves. Curve 1, 
disequilibrium; Curve 2, calculated. 


tical or nearly identical partition ratios in a particular system, yet could 
differ in the rate at which they would approach equilibrium from the two 
phases. If one behaved as shown by Curve 1 and the other behaved as 
Curve 2, then a partial separation could be achieved. When the partition 
ratios are not far apart, an improved separation could theoretically be 
obtained. This type of reasoning is of interest in connection with con- 
tinuous fractionation columns where true equilibrium is never established 
at any point in the column. 

A distribution was also made with benzylpenicillin at slight disequilib- 
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rium in the system used for the determination of Curves | and 2 of Fig. 2. 
100 transfers were applied with twenty-five inversions at each stage. The 
result is shown in Curve 1, Fig. 4. The calculated curve is Curve 2. 
Apparently the salt concentration of this buffer was slightly higher, which 
accounts for the band being somewhat shifted to the right. As might be 
expekted from Curves | and 2 of Fig. 2, the experimental curve is wider than 
the ealculated one, although symmetrical in shape. The deviation in the 
region of Tubes 60 to 75 was due to the presence of a small percentage of 
penicillin of the A?-pentenyl and n-amyl type. That the widening of the 
main band was not due to a mixture of substances was established by redis- 
tributing (70 transfers) the material of Tubes 33 te 43 and comparing the 
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Fic. 4. Counter-current distribution curve run at slight disequilibrium, Curve 1; 
calculated, Curve 2. 


result with a similar redistribution of the material in Tubes 48 to 58. The 
two curves were of the same width. 

In a very interesting discussion of the theory of chromatography, Martin 
(5) has presented the theoretical result expected if instantaneous equilib- 
rium should be established at every point in a column. This would imply 
an infinite number of stages in the column and in this case the front and rear 
of the band would remain sharp during migration. On the other hand, 
when equilibrium is not established instantaneously, as in actual experi- 
mental results, the front and rear edges of the band tend to erode more 
rapidly and the experimental curve obtained assumes nearly the shape of 
the curve of error (assuming 4 linear partition isotherm). 

Our extraction experiments are partially analogous but differ in many 
respects. The experimental realization of a particular curve of error in a 
counter-current distribution is always possible with a linear partition iso- 
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therm (6) because the actual number of transfers applied is known, each 
transfer is nearly perfect, the solute can be placed in a single tube initially, 
the relative volumes of the phases in contact at each stage are known, and 
actual equilibrium conditions can be reached at each transfer. Any one 
of these variables can be changed at will in order to produce a desired effect 
without introducing simultaneously an unknown variation in the others. 

In contrast to this, the realization of a normal curve in a packed column 
process such as in chromatography has a different basis. Among other 
reasons, it could be caused by such factors as disequilibrium or variation 
in the packing of the column. It would appear to be a much more complex 
phenomenon in which rates such as rate of flow, rate of interchange of solute, 
etc., must always be considered. 


The authors wish to express their thanks to Dr. Vincent du Vigneaud 
and Dr. Frederick H. Carpenter for their interest and helpful suggestions 
during the course of this work. 


SUMMARY 


A method is proposed for the study of the rate of interchange of solute 
between two immiscible liquids in contact. The method has been applied 
to different crystalline penicillins in several systems. Considerable varia- 
tion in the rate of interchange has been found. The implications of the 
study in connection with counter-current distribution have been discussed. 
The effect of operation of the counter-current distribution apparatus at 
disequilibrium has been studied. 
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Xf. ISOLATION OF BENZYLPENICILLIN CONTAINING 
RADIOACTIVE SULFUR 


By YOSHIO SATO,* GUY T. BARRY,t anp LYMAN C. CRAIG 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, January 19, 1948) 


In studies to be reported in Science by Dr. 8S. F. Howell and Dr. J. D. 
Thayer of the Venereal Disease Research Laboratory, Staten Island, New 
York, and Dr. L. H. Labaw of the National Institute of Health, the mold 
Penicillium notatum has been grown on a synthetic medium containing 
radioactive sulfur as sodium sulfate. For one experiment the culture was 
extracted by an organic solvent and the crude amorphous penicillin recov- 
ered by the usual lyophilization process. In another experiment adsorption 
was used in the recovery. The product in both cases contained radio- 
active sulfur. 

It was of interest to isolate the penicillin from the residues in crystalline 
form in order to determine whether the radioactive sulfur had indeed been 
incorporated into the penicillin molecule. Because of the relatively small 
size of the amorphous samples available the counter-current distribution 
method (1) appeared to be the method of choice. Accordingly, at Dr. 
Howell’s suggestion, we have undertaken the isolation of the crystalline 
penicillin. 

For the preliminary experiment a twenty-four transfer distribution was 
made at a temperature of 5° with 504 mg. of the lyophilized sample in the 
ether-buffer system (8 ec. of each layer) which had proved the most satis- 
factory for the isolation of benzylpenicillin (1). The buffer was approxi- 
mately 2 phosphate at pli 4.88. 

The sample was dissolved in the buffer phase, but when shaken with the 
ether phase a rather stable emulsion developed. 1 ec. of cold 8 m phos- 
phoric acid was therefore added and, after shaking, the ether layer was 
withdrawn and used for the upper phase in Tube 0 of the distribution. No 
further difficulty with emulsification was experienced. After the distribu- 
tion was finished, the contents of each tube were acidified with 1 ec. of 8 
M phosphoric acid and shaken in order to transfer the penicillin into the 
ethereal layer. A 1 ce. aliquot of the ether of every alternate tube was 
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then evaporated to dryness under reduced pressure and weighed. The 
results are shown graphically in Fig. 1, Curve 1. 

The curve shows a slight elevation in the region of Tubes 8 to 14, with 
the apparent maximum at Tube 10. A much greater clevation occurred 
at the right-hand side of the graph with the maximum at Tube 23. The 
smaller peak occurred in the region, which would indicate benzylpenicillin 
or perhaps A?-pentenylpenicillin, while the much larger peak would indicate 
the n-heptylpenicillin type. 

Héwever, a study in the Venereal Disease Research Laboratory of the 
antibiotic activ ity of the different tubes restricted almost all of the activity 
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Fic. 1. Distribution of extract of penicillin culture. O, weight; A, biological 
activity. 


to the region of the smaller peak where the benzylpenicillin type would 
occur (1). Curve 2 of Fig. 1 gives the activity per cc. of the solid material 
contained in each of the tubes. The distribution had accomplished a con- 
siderable concentration of the active material, since Tubes 6 to 14 com- 
prised only 9 per cent of the weight of the initial sample. 

The material in Tube 9 crystallized readily as the triethylamine salt (1) 
and yielded 3.7 mg. of crystals. Further, upon testing the radioactivity 
of the crystalline material in the laboratories of the National Institute of 
Health it was found to have approximately 4 times the radioactivity of the 
amorphous starting material. 

Subsequently a larger sample (1.513 gm.) of the amorphous penicillin 
was fractionated by a slight variation of the first experiment. The same 
system was used, but instead of equal volumes of the two phases, 12 ec. of 
ether in each of the upper phases were employed. <A total of forty-nine 
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transfers was applied by means of the technique of alternate withdrawal 
Fig. 2 again shows the result graphically. 


(1). 


The majority of the inac- 


| 

‘ 

| 

| 
| 
170 ; 
2580 

+ 862 

| 


220 DISTRIBUTION STUDIES. XI 


tive material had been withdrawn from the apparatus before the end of the 
distribution and its weight does not appear on this graph. The curve 
refers only to the material remaining in the distribution apparatus at the 
end of the distribution. A calculated curve (2) is superimposed. From 
this curve it can be derived (1) that a small percentage of penicillins other 
than benzylpenicillin and perhaps inactive material is present in the right- 
hand side of the band. 

For isolation various tubes were combined. From Fig. 2 it can be pre- 
dicted that Tubes 20 to 28 inclusive are most likely the purest with respect 
to benzylpenicillin. These were accordingly combined and precipitated 
with excess triethylamine. Upon recrystallization, 68 mg. of the colorless 
salt were collected which melted at 140—-154° (hot stage melting point). 

CxeH;;,0,8N;. Calculated, C 60.65, H 7.64; found, C 60.70, H 7.78 


Tubes 27 to 29 gave 27 mg. of crystalline material which melted at 131- 

139°. 
Found, C 60.12, H 7.59 

Tubes 30 to 33 gave 28 mg. of crystalline material with a slight yellow 
color, which melted at 119-125°. This material probably contained an 
appreciable amount of the A*-pentenylpenicillin and n-amylpenicillin types. 

A similar study was made of amorphous crude penicillin isolated from 
the culture media with the aid of adsorption on charcoal. <A distribution 
made exactly as in the first experiment described above is shown in Fig. 3, 
Curve 1. Determination of the antibiotic activity gave the result shown 
also in Curve 2. The pattern is very similar to Fig. 1, except that several 
times the amount of active penicillin were indicated. 

Again assuming ‘Tubes 7 to 11 to be the most pure with respect to benzyl- 
penicillin, the triethylamine salt Was prepared. 50 mg. of colorless crystal- 
line benzylpenicillin salt was obtained which melted at 140—-150°. 


Found, C 60.54, H 7.6s 
The analysis reported here were made by Mr. D. Rigakos. 


SUMMARY 


The amorphous crude penicillin obtained by extraction of a culture of the 
mold Penicillium notatum grown in medium containing radioactive sulfur 
as sodium sulfate has been studied by the counter-current distribution proc- 
ess. Crystalline benzylpenicillin containing radioactive sulfur was readily 
isolated. Quantitative calculations could be made from the data. 
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By GUY T. BARRY,* YOSHIO SATO,t anp LYMAN C. CRAIG 
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(Received for publication, January 19, 1948) 


Our preliminary experience with the application of the method of counter- 
current distribution to the estimation of the various penicillin species pres- 
ent in a given preparation of the drug has previously been reported (1). 
Although the results were sufficient to be of considerable use, there was need 
for further study and improvement. 

At the time the work was begun most of the penicillin preparations avail- 
able on the market were amorphous and no claim was made for chemical 
purity. However, with the rapid advance of the technology of the pro- 
duction of penicillin, crystalline preparations became readily available. 
Unfortunately, crystallinity in itself does not guarantee purity and a method 
of determining the purity of such preparations was needed. Although the 
determination of the purity of a given preparation is fundamentally part of 
the problem of separation and identification, greater experimental precision 
and a wider experience with the particular type of compound in question 
are generally required. The present paper will report our further experi- 
ence along this line. 

Of primary importance in the application of the method of counter- 
current distribution to the problem of the purity of any preparation is the 
demonstration that a suitable system can be found in which the compound 
of interest will be partitioned ideally or nearly so over a practical concen- 
tration range. The value of the partition ratio should come within the 
optimum range, z.e. near 1. Such a system must furnish an environment 
in which the compound is stable, at least for a period of several hours time. 
The system must separate into its two layers readily and should offer con- 
ditions for precise analytical determination of the compound at the end of 
the distribution. Whether or not these conditions can be met can only be 
fully answered by the achievement of a distribution curve (2, 3) which is in 
agreement within the experimental error with the theoretical distribution 
calculated by means of the binomial expansion. 

This latter had not been accomplished at the time of our previous publi- 
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cation (1) although the type of deviation from the Bernoulli distribution 
observed earlier strongly indicated that it was due to impurities present in 
the crystalline preparations at hand. Very shortly thereafter, essentially 
perfect experimental] distributions were obtained on a crystalline prepara- 
tion of benzylpenicillin which was kindly supplied to us by the Commercial] 
Solvents Corporation. This demonstrated beyond doubt that the dis- 
crepancies encountered earlier were due to impurities. In Fig. 1 is an 
example of a satisfactory twenty-four transfer distribution with a 500 mg. 
sample of crystalline benzylpenicillin.' The procedure and the system 
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Fic. 1. Twenty-five transfer distribution of benzy!penicillin 


diethyl ether-2 Mm phosphate at pH 4.86 described previously (1) were used 
for the distribution. Such a distribution was also obtained by redistribu- 
tion of certain selected fractions from the preliminary distribution of a 
slightly impure sample. 

Although the penicillins are known to be labile compounds, especially im 
aqueous solution, no transformation of the penicillin during the distribution 
at 5—-6° was indicated by the results shown in Fig. 1. However, for distri- 
butions requiring greater time it would be desirable to study the stability 
of penicillins under the conditions of the distribution. Since many of the 
transformations undergone by penicillin are accompanied by changes in the 


' This distribution was made with the assistance of Dr. George H. Hogeboom. 
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ultraviolet absorption spectra, this property was used to measure trans- 
formation rather than the more fundamental but less precisely determinable 
property of biological activity. 

For the purpose a sample of benzylpenicillin of known extinction at 
wave-lengths 260 and 320 my was equilibrated at the temperature of the 
cold room (5-6°) with equal volumes of the two phases. The extinction 
values in the ether layer were then measured. The following day the 
extinction values were rechecked without equilibration. When System 3, 
Table I, was used, an appreciable change had not occurred. ‘The two phases 
were then equilibrated and the extinctions remeasured. A small increase 
at 260 mu was recorded but much more was shown at 320 mg. Again the 


TABLE 
Systems Studied 


. K of At 
Organic solvent Phosphate buffer “peniciin penici | Ratio, 8 
| | | 
1 Ethyl acetate im,pH5.12 | 1.24 105 1.18 
2 ‘ether | 5.20 8.9 | 
4 Chloroform ee | 1.32 | 0.93 1.42 
6 | Ethyl ether 1.18 1.57 
7 and isopropyl! 4.93 —«0.96 1.72 | 1.80 
ethers | | 
y 3“ 4.98 | | | 2.2 


* Determined at 25°. 


solutions were allowed to stand until the next day and measurements made. 
A further shift was obtained but only after equilibration. Further pro- 
gressive shifts occurred on succeeding days. 

From these experiments it was apparent that a slow transformation of 
the penicillin was occurring in the buffer phase but apparently not in the 
ether phase. The free acid has been shown elsewhere (4) to be relatively 
stable in certain organic solvents. Other experiments in this laboratory 
have also supported this view. 

A shift of extinction coefficient gives no quantitative estimation of the 
true amount of transformation occurring unless the extinction coefficient 
of the transformation product is known. The extinction coefficients of the 
transformation products could be extremely high and the value measured 
might thus represent only a small fraction of the original sample in terms 
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of weight. Fortunately, this appears to be the case for benzylpenicillin, 
since the total recovery in terms of weight in the main band of Fig. 1 was 
within the experimental error, ¢.c. a few per cent. Loss of biological actiy- 
ity could not be detected during such a distribution. 

In distributions requiring an extended time, transformation might be 
expected to reach a percentage large enough to be detected by the curve. 
A 99 transfer run which required approximately 3-fold the time did show 
significant amounts of transformation products or perhaps of impurity. 
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Fic. 2. 99 transfer distributions. ©, benzylpenicillin alone; O, benzylpeni- 
cillin + A*-pentenylpenicillin; @, calculated curve. 


Such a distribution is shown in Curve A, Fig. 2. The calculated curve is 
Curve C. The system was slightly different from that used for Fig. 1 in 
that 3 _m buffer at pH 4.6 was used. 99 transfers were applied by the single 
withdrawal procedure (5). This was done by withdrawing the contents of 
Tube 24.0 when upper 0 has reached lower 24, and replacing it with fresh 
phase. After the next equilibration Tube 24/1 was withdrawn; on the 
next step Tube 24/2 was withdrawn, etc. The tubes withdrawn were from 
the slow moving side of the operation, up to Tube 74, Fig. 2, since in this 
svstem the penicillin greatly favors the ether phase. The small percentage 
of material in Tubes 93 to 99 had a much higher extinction coefficient and 
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probably represented a transformation product, although it could con- 
ceivably represent impurity. 

Studies made at 25° showed a much greater rate of transformation, both 
in the case of individual equilibrations and for actual distributions. Thus 
the penicillins probably cannot ever be regarded as being completely stable 
substances when they are in contact with aqueous solutions. The rate of 
transformation during a distribution cannot be entirely eliminated but can 
be reduced until it becomes insignificant from the standpoint of the calcula- 
tions. This was accomplished in the distribution of Fig. 1. It should be 
made clear that when transformation does occur it can be recognized, as 
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Fic. 3. Twenty-five transfer distribution of A?-pentenylpenicillin. O, experi- 
mental; @, calculated. 


has been shown (1). Redistribution of the material in the tubes which do 
not show divergence should give a curve with no divergence from the calcu- 
lated. This has been done with a sample of benzylpenicillin. 

Other penicillin species show a different rate of transformation from 
benzylpenicillin. The best distribution pattern we have obtained thus far 
for A*-pentenylpenicillin is shown in Fig. 3. The system and procedure 
were the same as those employed in Fig. 1. The weight of material shown 
in Tubes 0 to 6 and in Tubes 20 to 24 must be due either to impurity or to 
transformation. The recovery represented by the main band, Tubes 7 to 
19, is the equivalent of 90 per cent. 

Distributions made at room temperature have not thus far permitted as 
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high recoveries as those made in the cold room. A representative distribu- 
tion made on a mixture at 24° is excellent for comparison. ‘This distribyu- 
tion, Fig. 4, was made in a 54 tube distribution apparatus in the system 
isopropyl ether-3 mM phosphate, pH] 4.93 (System 9, Table 1). 71 mg. of 
sodium benzylpenicillin and 60 mg. of sodium A*-pentenylpenicillin were 
taken initially. Each tube of the machine contained 9.7 cc. of the phos- 
phate phase and 17 cc. of the isopropyl ether phase. The recovery of 
benzylpenicillin calculated from the theoretical curve (No. 1) was 92 per 
cent, While that of A*-pentenylpenicillin (Curve 2) was 82 per cent. It 
would appear likely that the divergences from the theoretical were mostly 
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Fic. 4. 71 transfer distribution of a mixture of benzylpenicillin and A?-pentenyl- 
penicillin. O, weight; 0, extinction at 260 my; @, calculated. 


due to transformation and that the A*-pentenyl! species is a less stable peni- 
cillin. The recoveries calculated from Figs. 1 and 3 were 98 and 90 per 
cent respectively (5—-6°). 

There has been opportunity to redistribute samples of crystalline peni- 
cillins after they had been stored as the sodium salts in the cold room for a 
period of a year. No evidence of transformation was obtained, except with 
one sample of so called n-heptylpenicillin. This gave a different distribu- 
tion pattern and was obviously undergoing progressive change. However, 
the original pattern had already indicated it to be a mixture. A second 
sample of so called n-heptylpenicillin did not show such a change. 

Since the penicillins are inherently unstable substances, it is of interest 
to shorten the time required for distribution to a minimum. This could 
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be done by determining the minimum shaking time required in order to 
reach equilibrium and by transferring the phases immediately after their 
separation. ‘The latter is now made possible by the new models of the 
distribution apparatus which are currently in operation.2. The top and 
bottom ends of each tube of these machines are constructed from plate glass. 
The contents of each tube become visible when the layers have separated 
and this frequently shortens the total time of equilibrium, since no extra 
time need be allowed in order to insure the separation of the layers. The 3 
minutes settling time formerly allowed empirically for each equilibration 
may be reduced to 1 minute or less. 

The actual number of inversions required for equilibrium to be reached 
has been made the subject of a careful study. It has proved to be of suffi- 
cient interest to the distribution method and to extraction itself to justify 
a separate contribution (6) on the subject. Obviously complete equilibrium 
must be reached at each stage if an experimental curve is to agree with a 
calculated curve. 

The problem of emulsification has been an annoying difficulty in the 
application of the distribution method to the penicillins since the very 
beginning. The penicillins are apparently surface-active and are capable 
of forming stable emulsions. In distribution work stable emulsions are to 
be avoided, since too great a time is required at each stage for the separation 
of the layers. Aside from this objection complete equilibrium is reached 
at each stage only with difficulty. When a transfer is made before the 
layers have separated completely, the relative volumes in each of the tubes 
become disturbed and, while fractionation is still possible, it is not as effi- 
cient as otherwise and calculated curves cannot be fitted properly. 

A completely satisfactory method of overcoming the formation of trouble- 
some emulsions has not as yet been found. However, certain changes have 
greatly reduced the tendency and it is possible that the addition of small 
amounts of surface-active agents of another type might help. In general, 
concentrated phosphate buffers of pH near 5.0 have not been troublesome, 
except in certain cases with isopropyl ether when a higher concentration 
of penicillin was employed. Buffers tried with higher pH could not be used 
because of the tendency to emulsify. Ethyl ether has given systems which 
separated the most rapidly. In some cases in which trouble was encoun- 
tered it was overcome by increasing the volume of the upper phase. On 
the other hand, when an attempt was made to use a volume of the lower 
phase greater than that of the upper, emulsification usually occurred. In 
certain cases the agent which caused the emulsion was not the penicillin 
and could be eliminated by a single preliminary extraction. For this pur- 
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pose, a solution of the penicillin in the lower phase was acidified with phos- 
phoric acid and extracted by the upper phase to be used in Tube 0 of the 
distribution. 

Because of the emulsification difficulty most distributions were begun in 
individual glass tubes which could be placed in the centrifuge if necessary, 
Several transfers were made individually in these tubes, thereby greatly 
reducing the amount of penicillin in any given tube. When a separation 
time of 3 minutes was reached, the contents of each tube were then trans- 
ferred to the corresponding tube of the machine (after shifting the upper 
part of the machine the required number of transfers). The remainder of 
the distribution was then accomplished in the usual manner. 

The achievement of a perfect curve in a particular system for any given 
sample of a compound is unequivocal evidence for the absence of any other 
chemical individual, at least above a certain limiting percentage, except for 
the case of a chemical individual with an identical or very similar partition 
ratio. It can be calculated from suitable hypothetical curves that agree- 
ment between the experimental and calculated values, such as that of Fig. 
1, is sufficient to eliminate anything above a few per cent which has a parti- 
tion ratio greater than 1.4 or less than 1/1.4 times the ratio of that of the 
penicillin of interest. In order to detect such a possible impurity or at least 
to reduce greatly the probability that it is present, two approaches are at 
hand. 

One involves the application of higher numbers of transfers and the other 
involves the discovery of an entirely different and more selective system for 
the distribution. The first simply reduces the limits of the partition ratio 
which an impurity might have and yet escape detection. On the other 
hand, the effect of the second approach cannot be predicted so precisely 
but will be a matter of experience. The use of both approaches in conjunc- 
tion with each other is particularly important, as the following results will 
show. | 

The effect of higher numbers of transfers can be appreciated best by a 
consideration of hypothetical mixtures. Fig. 5 shows the effect to be ex- 
pected with twenty-four transfers and equal volumes of the phases from a 
mixture of 90 per cent Compound A, K=1, and 10 per cent Compound B, 
K=1.4. The sum of Curves A + B gives Curve C. 

If this mixture had been encountered as an unknown, Curve C would have 
been determined as a weight curve. An aliquot should have been so 
selected for the determination of weight that the weight of residue in the 
maximum tube would be at least 100-fold that of the error in weighing. 
Then a theoretical curve (2) would have been fitted, in this case Curve D. 

Although the divergence of Curve C from Curve D appears slight at first 
glance, it is appreciable. At Tube 17 the determined weight is 2.6 mg., 
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while the theoretical is 1.9 mg., a difference of 0.6 mg. The error in weigh- 
ing could be +0.1 mg. ‘Thus the divergence would be 6-fold the experi- 
mental error. Such a divergence would also be supported by the divergence 
at Tubes 16 and 18. 

If this same mixture is subjected to 100 transfers, a much clearer picture 
js obtained, as shown in Fig. 6. Here the two bands are far enough sepa- 
rated so that nearly half the curve of Compound A on the left side is essenti- 


16 


14 


12}- 
| 
10}- 
| 
| 
| 
4 


No. of tube 
Fic. 5. Hypothetical twenty-five transfer distribution of a mixture of Compounds 
Aand B; Curve C = sum of Curves A and B; Curve ID = calculated curve matched 


with Curve C. 


ally pure and it is therefore available for the fitting of a theoretical curve. 
The theoretical curve now coincides with Curve A and the difference be- 
tween this curve and the one which would be experimentally determined, 
Curve C, would give Curve Bb. It is plain that for these partition ratios, 
1 per cent of Compound B in Compound A could be detected. 

It is now instructive to consider a mixture of substances whose partition 
ratios are closer together. Such a mixture could be one containing 90 per 
cent of Compound A with the partition ratio of 1 and 10 per cent of Com- 
pound B with the partition ratio of 1.2. Twenty-four transfers obviously 
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would not be sufficient to show the presence of the mixture if weights only 
were used for the determination of the curve. However, 100 transfers on 
the hypothetical mixture of Compounds A and B would give the picture 
shown in Fig. 7. Curve D is the theoretical curve. 

Of the known penicillin species, A*-pentenylpenicillin is the one which 
shows a partition ratio most closely related to benzylpenicillin. Therefore 
a study of the partition ratios for these two species in a number of systems 
should be very informative in showing the effect of changing the svstem. 
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Fic. 6. Hypothetical 100 transfer distribution of a mixture of Compounds A and 
B; Curve C = sum of Curves A and B. 


The partition ratios given in Table I were mostly calculated (2) from actual 
distributions but also were in agreement with individual determinations. 

Except in one case the temperature was 5° + 1°. A convenient numer- 
ical measure of the ease of separation of the two ponicillins or of detecting 
one in the presence of the other is the ratio of the partition ratios shown in 
the last column and called 8 by previous workers (7) using extraction for 
fractionation purposes. 

Synthetic mixtures of benzylpenicillin and A’-pentenylpenicillin have 
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been studied in several of the systems given in Table I. These included 
Systems 3, 6, 7, and 9. The result obtained with System 2 is given by 
Curve B in Fig. 2 and that with System 9 is shown in Fig. 4. 

The interesting conclusion to be drawn from Table I is that the 8 values 
are in each case shifted by the change in the system. ‘This shift is not of 
large magnitude, in accord with the experience of others (7, 8) for closely 
related substances. Irrespective of this, the practical problem of purity 
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kia. 7. Hypothetical 100 transfer distribution of a mixture of Compounds A and 
B; Curve C = sum of Curves A and B; Curve D = calculated curve matched with 
Curve C. 


of the penicillin group of compounds now resolves itself into the application 
of a sufficient number of transfers together with adequate analytical pre- 
cision so that the limiting 8 value which would permit 2 mixture to escape 
detection is small as compared to the 8 values shown in Table I. 

It can be deduced from Fig. 5 that a few per cent of an impurity with a 
8 value of 1.4 would escape detection with twenty-four transfers if the ana- 
lytical method included weight only. Similarly, the limiting 8 value for 
100 transfers (Fig. 6) would be 1.2. However, a large amount of impurity 
could be detected at 8 values of 1.2 and 1.1 respectively. In applying such 
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reasoning to the precise interpretation of the distributions obtained with 
penicillins it must not be forgotten that the penicillins are basically unstable 
and that small deviations might possibly be due to decomposition, particu- 
larly in the case of the longer runs. 

In the case of Figs. 5 and 7 the sensitivity of the method is decreased 
because of the inability to place the theoretical curve correctly when weight 
only is used to determine the actual experimental curve. However, if a 
method of analysis specific for Compound A only in contrast to Compound 
B or vice versa, such as biological assay, infra-red absorption, etc., is at 
hand, the procedure then becomes much more sensitive and here again 
would permit limiting 8 values of 1.2 and 1.1 for twenty-four and 100 
transfers respectively and yet permit detection of a few per cent of the one 
constituent. 

It would appear likely that isopropyl ether-buffer is the best system for 
studying the purity of benzylpenicillin and of A*-pentenylpenicillin as far 


TaBLe II 
Composition of Buffers 
Buffer K:HPO. | LiOH 

Im, pH 5.12 | 124 | 17.4 | 
| 248 34.8 | 
| 372 52.2 | 
| 372 52.2 7.2 


as B values are concerned. However, isopropy! ether has the disadvantage 
that benzylpenicillin is of limited solubility at 5° and the system can there- 
fore be overloaded easily. Difficulty will be encountered if more than 5 
or 6 mg. of benzylpenicillin per cc. of isopropy! ether are employed at the 
start of the distribution. [Fortunately a method is at hand for partially 
overcoming this difficulty. The solute can be placed in several adjoining 
tubes at the start instead of only one, and thus more material can be distrib- 
uted without overloading either the solvent or the buffer. 

This technical point has not been treated as yet in our published work 
but will be discussed in full in a forthcoming paper. However, it might 
be stated here that for higher numbers of transfers the distribution could 
be begun by scattering the solute equally among several adjoining tubes. 
If the number of tubes dpes not exceed more than 5 per cent of the number 
of transfers applied, then the broadening effect on the final curve is small. 
Thus for 100 transfers, the solute could be placed in up to five of the tubes 
initially without appreciable loss of efficiency. Distributions involving 
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higher numbers of transfers should always be made with proportionately 
more of the solute. 

The buffers used in this investigation had the composition in gm. per 
liter given in Table II. 


The authors wish to express their thanks to Dr. Vincent du Vigneaud 
and Dr. Frederick H. Carpenter for their interest and helpful suggestions 
during the course of this work. 


SUMMARY 


In connection with purity investigations of penicillins a study has been 
made of the procedure and conditions required in order to obtain experi- 
mentally a ‘‘caleulated” distribution by the counter-current distribution 
technique. ‘This has involved a study of the stability of the various peni- 
cillins in many different systems. The limitations of the method in con- 
nection with the effect of higher numbers of transfers and the effect of more 
selective systems have been investigated. 
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PROPERTIES OF AN UNIDENTIFIED GROWTH 
FACTOR IN DISTILLERS’ DRIED SOLUBLES* 


By A. F. NOVAKT ano 8S. M. HAUGE 


(From the Department of Agricultural Chemistry, Purdue University 
Agricultural Experiment Station, Lafayette) 


(Received for publication, February 16, 1948) 


Previous investigations (1) have shown the presence of an unidentified 
growth factor in distillers’ dried solubles which is essential for the chick. 
The factor was shown to be distinct from the known members of vitamin B 
complex, strepogenin, and the cow manure factor. The object of this in- 
vestigation was to ascertain whether this factor is essential for the growth 
of rats and to determine properties which might aid in its isolation and in 
its differentiation from other postulated growth factors. 


EXPERIMENTAL 


In preliminary experiments designed to formulate rations which would be 
satisfactory for measuring unidentified growth factors with rats, it was 
found that neither casein extracted with ethanol nor commercial ‘“‘vitamin- 
free’’ Casein was satisfactory as a source of protein because of the presence 
of these factors. 

(Casein was purified in the following manner: Ethanol-extracted casein 
was slowly dissolved in a large quantity of water by the addition of 0.1 N 
sodium hydroxide to pH 7.2 with constant agitation with a powerful motor 
stirrer. The casein was coagulated with hydrochloric acid at pH 4.6. The 
supernatant liquid was withdrawn and the precipitate washed by resuspen- 
sion in successive large quantities of water. This procedure was repeated 
several times. The purified casein was then dehydrated with methyl al- 
cohol and acetone, dried, and ground. 

A basal ration of the following composition was found satisfactory: puri- 
fied casein 18 per cent, dextrin 69.5 per cent, MeCollum’s Salt Mixture No. 
185 (2) 4 per cent, Cellu flour 2 per cent, hydrogenated cottonseed oil 5 per 
cent, cod liver oil 1 per cent, sulfaguanidine or succinylsulfathiazole 0.5 per 
cent, and, for each LOO gm. of the basal ration, a vitamin supplement con- 
sisting of riboflavin 3 mg., thiamine 3 mg., inositol 20 mg., niacin 3 mg., 
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pyridoxine 5 mg., choline 100 mg., biotin 0.01 mg., folic acid (Lederle) 0.01 


mg., calcium pantothenate 0.5 mg., p-aminobenzoie acid 5 mg., and 2- 


methylnaphthoquinone 0.5 mg. To minimize the possible effect of bio- 
genesis by microorganisms, a sulfonamide was added to the basal ration. 
This basal ration was used in all of the following experiments except those 
reported in Table I, in which folic acid was not included because it was not 
available at that time. 

All additions to the basal ration were substituted for equivalent weights 


TABLE I 


Biological Tests for Unidentified Growth Factor in Distillers’ Dried 
Solubles and Extracts 


Series No. Additions to basal ration* | neces ante per 

| | 

I | None | 19.1 

_ Distillers’ dried solubles | 30.3 

II None | 18.9 

| Extracts of solubles, autoclaved pH 12 30.9 

None | 18.4 

_ Distillers’ dried solubles 31.3 

_ Extracts of solubles, ether, Extraction 1 26.2 

| acetone, 2 18.3 

| methanol, 3 18.2 


* Extracts added in amounts equivalent to 5 per cent of solubles. 
t Ten rats perlot. Least significant difference; 5 per cent level 2.4 gm., 1 per cent 
level 3.1 gm. 


of dextrin. Each biological test was performed with eight or ten rats 
equally divided according to sex. The test period was 3 weeks. 

The growth responses shown in Table I, Series I, indicate that the basal 
ration was sufficiently deficient in unidentified growth factors to test for 
these substances. The response with the addition of distillers’ dried solu- 
bles showed that this product contained an unidentified growth factor which 
stimulated growth above that obtained with a ration containing the 
identified vitamins of the B complex. 

Since the known members of vitamin B complex are soluble in water, 
attempts were made to extract this factor with water at widely different pH 
values and determine the stability under these various conditions. The 
distillers’ dried solubles were extracted in acid, alkaline, and neutral solu- 
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tions under 15 pounds steam pressure for 1 hour. The extracts were filtered 
and aliquots equivalent to 5 per cent of the solubles were added to the 
rations and tested (Table I, Series I1). It is apparent that all of these 
extracts contained the unidentified factor and that this factor is heat-stable 
at widely different pH values. 

The possibility that this factor could be extracted with less extraneous 
matter by other solvents than water was investigated. Solubles were first 
extracted with ether in a Soxhlet extractor followed by subsequent extrac- 
tions With acetone, methanol, and ethanol for 24 hour periods. The re- 
spective extracts were concentrated and equivalent amounts of each were 
assayed (Table I, Series I11). The factor was partially extracted by ethyl 
ether. Acetone and methanol failed to remove any of the factor remaining 
in the residue, while ethanol removed part of it. Consequently, the direct 
extraction of the unidentified factor from solubles with organic solvents was 
abandoned. 

Some of the chemical and physical properties of this growth factor were 
studied (Table II). Solubles were extracted with 0.1 N hydrochloric acid 
under 15 pounds steam pressure for 30 minutes. ‘The extract was filtered 
and concentrated, the pH adjusted to neutral, treated with kaolin to remove 
part of the organic impurities, and then passed through a column of fullers’ 
earth. The filtrate contained the active principle. The solution was 
treated with phosphotungstic acid in 2.5 per cent hydrochloric acid. A pre- 
cipitate Was formed which was filtered off and dissolved in an alkaline solu- 
tion, and the phosphotungstie acid removed as the barium salt. The fil- 
trate (Fraction l-5) from the initial phosphotungstic acid precipitation 
fuiled to stimulate growth and was therefore discarded. Fraction F-4 pre- 
cipitated by the phosphotungstic acid contained the factor. 

A portion of this active fraction was adjusted to pH 7. A solution of 
basic lead acetate was added, and the mixture stirred vigorously for 10 min- 
utes. ‘The resulting precipitate was collected and washed by centrifugation. 
The lead acetate precipitate Was decomposed with ammonium sulfate. The 
solution was boiled for 20 minutes, cooled, and filtered. To remove any 
remaining traces of lead in the solutions, both solutions were treated with 
hydrogen sulfide, filtered, and concentrated. Assays of both solutions 
showed that the factor was precipitated by lead acetate (Fraction F-7), but 
could be only partially recovered (Fraction F-6). 

Aliquots of the fraction obtained from the phosphotungstie acid precipi- 
tation (Fraction F-4) were adjusted to various pll values and passed 
through Tswett columns made up of the following adsorbents Darceo G-60, 
Florisil, Llovd’s reagent, norit, Decalso, and fullers’ earth. The filtrates, 
in amounts equivalent to 10 per cent of the solubles, were assayed for the 
presence of the growth stimulant. 
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The active substance was not adsorbed on fullers’ earth and there was 
only a slight adsorption on Darco. However, the growth-stimulating mate- 
rial was adsorbed from acid solution on Florisil, Lloyd’s reagent, norit, and 
Decalso. 


TABLE II 


Some Chemical and Physical Properties of Unedentified Growth Factor 


Fraction No, Additions to basal ration*® Average gain per wk.+ 

gm. 

None 19.0 

extract of solubles (0.1 N HCI) 29.3 

F-1, treated with kaolin 30.1 

F-3 F-2, through column of fullers’ earth 27.6 

k-4 F-3, pptd. by phosphotungstie acid 28.2 

F-5 F-3, phosphotungstic acid filtrate 20.5 

F-6 F-4, pptd. by lead acetate 23.7 

F-7 F-4, lead acetate filtrate 20.5 
F-s F-4, through column of 

Darco, pH 3 25.6 

5.5 24.9 

we 25.8 

Florisil, pH 1.5 23.8 

5.5 26.7 

28.1 

Lloyd's reagent, pli | 21.5 

§.5 27.0 

Norit A, pH 1 20.2 

19.3 

24.6 

Decalso, l 22.7 

26.2 

27.3 

Fullers’ earth. pH 1 26.0 

28.2 

27.0 

K-49 Dialysate of F-1 24.5 


* Extracts of Fractions F-l and F-9 were added in amounts equivalent to 5 per cent 
solubles; other extracts were added in amounts equivalent to 10 per cent solubles. 

+ kight rats per lot. Least significant difference; 5 per cent level 1.8 gm., 1 per 
cent level 2.4 gm. 


DISCUSSION 


In a previous paper (1), it has been shown that distillers’ dried solubles 
contain an unidentified growth factor which is essential for chicks. It has 
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now been shown that this product contains a factor which is essential for the 
rat. They are probably identical. 
The factor is distinct from all the known vitamins of the B complex which 
were added to the rations in amounts exceeding the nutritional require- 
ments. Since the vitamin supplement included synthetic folic acid (Led- 
erle), it is probably distinct from all the factors which recently have been 
shown to be related to or identical with folic acid (3). It is further differen- 
tiated from these factors by its stability to heat at widely different pH 
)  yalues, its non-adsorbability on fullers’ earth, and its solubility in ether and 
ethanol (4-7). The solubility of this factor in ether also distinguishes it 
from the cow manure factor which is insoluble in ether (8). It is unlikely 
that this factor is strepogenin because strepogenin is present in commercial 
easein (9) and in purified casein (10). The limited information regarding 
the properties of factor X of Cary ef al. (11) makes it impossible to attempt 
a differentiation at this time. 


SUMMARY 


Evidence has been presented which shows that distillers’ dried solubles 
contain a factor essential for the growth of the rat. This factor is stable to 
heat, acid, and alkali. It is soluble in ether, ethanol, and water at widely 
different pH values. It is precipitated by phosphotungstic acid and lead 
acetate. It is not adsorbed on fullers’ earth or Darco, but is adsorbed from 
acid solution on Florisil, Lloyd’s reagent, norit, and Decalso. 

The factor is distinct from vitamin A, vitamin D, thiamine, riboflavin, 

pantothenic acid, niacin, inositol, p-aminobenzoic acid, choline, 2-methyl- 
naphthoquinone, pyridoxine, biotin, and folie acid. Evidence has been 
presented which indicates that this factor is also distinct from a number of 

)} other postulated growth factors. 
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THE MICROBIAL GROWTH INHIBITION PRODUCED BY 
OPTICAL ISOMERS OF §-2-THIENYLALANINE* 


By MARTHA F. FERGER ano VINCENT pb VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, February 2, 1948) 


It has already been shown that §-2-thienyl-pL-alanine inhibits the 
growth of Saccharomyces cerevisiae (1), Escherichia coli (2, 3), Streptococcus 
faecalis (3), and Lactobacillus arabinosus (3), and that the inhibition can in 
all cases be reversed by the addition of phenylalanine to the medium (1-3). 
In the present investigation the work has been extended to determine 
whether the ‘‘antiphenylalanine”’ effect of thienylalanine is possessed by 
both of its optical isomers. 

The isomers of thienylalanine were prepared by resolution of the brucine 
salt of the N-formylthienyl-pi-alanine. They were tested for their abil- 
ity to inhibit the growth of Saccharomyces cerevisiae and Escherichia coli. 
With both organisms it was observed that the D isomer possesses no ap- 
preciable inhibitory activity, while the L isomer has exactly double the in- 
hibitory power of thienyl-pL-alanine. 

Since the two organisms mentioned above do not require phenylalanine 
in the medium for growth, it seemed desirable to test the thienylalanine 
isomers against an organism which does require phenylalanine. For this 
purpose Lactobacillus delbrueckii LD5, which is able to use only L-pheny!- 
alanine for growth purposes (4), was selected. In the presence of an 
arbitrary amount of pL-phenylalanine thienyl-p-alanine had no activity, 
whereas thienyl-L-alanine and thienyl-pL-alanine showed inhibitory activ- 
ities in the ratio 2:1 on a weight basis.! - 

For each of the three organisms, the same amount of pi-phenylalanine 
was required to reverse the inhibition produced either by a given amount 
of thienyl-L-alanine or by twice as much of the pL compound. 


* The authors wish to express their appreciation to the Lederle Laboratories Di- 
vision, American Cyanamid Company, for a research grant that has aided greatly in 


this work. 
1 It is interesting to note that p-ethionine inhibits the growth of a strain of Lac- 


tobacillus fermentum which is able to use either p- or L-methionine for growth pur- 
poses. Approximately three times as much p-ethionine as pL-ethionine is required to 
produce the same amount of inhibition (unpublished data). 
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EXPERIMENTAL 


N-Formylthienyl-pi-alanine—-Thieny]-pi-alanine was formylated by the 
method of Clarke, as described by du Vigneaud and Meyer (5). The 


product was obtained in 95 per cent yield, m.p. 173-176°.* 


Caleulated. N 7.03, 8 16.09 
199.2 Found. 6.69. ** 16.15 


Resolution of Formylthienyl-pi-alanine— Vhe formylthienyl-pi-alanine 
was resolved by means of the brucine salt according to the method used by 
Kischer and Schoeller (6) for formyl-pi-phenylalanine. 20 gm. of formyl- 
thienyl-pL-alanine and 41 gm. of dry brucine were dissolved in 240 ce. of 
boiling anhydrous methanol. The salt of the p isomer precipitated when 
the solution was cooled, and this material was recrystallized from 20 vol- 
umes of boiling methanol. The product, m.p. 127-129°, was obtained in 
an over-all yield of about 70 per cent. It had a rotation of [a}]*! = —38.7° 
(0.2 per cent solution in water). 

The original methanol filtrate was concentrated to dryness and the resi- 
due was recrystallized from 120 ce. of water. The yield of the salt of the 
L isomer, m.p. 121-122°, was 74 per cent; fa|7) = —57.8° (1.1 per cent solu- 
tion in pyridine). 

The brucine salts were converted to formylthienyl-p- and formy)- 
thienyl-L-alanine in yields of 80 per cent or more. The products were 
reervstallized trom water. 

The formylthienyl-p-alanine melted at 174—-175° and had a rotation of 
la|*! = —76.7° (1 per cent solution in ethanol). 

CHI Calculated. N 7.03, 16.09 
199.2 Found. 6.82, “* 16.52 


The L isomer had a melting point identical with that of the p isomer, and 


the rotation of a 1 per cent solution in ethanol was +77. 
(‘aleulated, N 7.03, 16.09; found, N 6.67, 8 16.26 


Thienyl-p- and -L.-alanine-——The isomeric amino acids were obtained in 80 
to 90 per cent vield by hydrolysis of the formyl derivatives with 1 ~ HBr, 
as described by du Vigneaud and Meyer (5). For analysis the products 
were recrystallized from ethanol-water. The thienyl-p-alanine decom- 
posed at 239-244° (8° per minute) and possessed a rotation of [a]? = 
+31.6° (1 per cent solution in water). 


CyHeNOLS. Caleulated. N 8 18.73 
171.2 Found. 8.42, ** 19.08) 


7 All melting points were determined on a calibrated micro melting point ap- 


paratus. 
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The L isomer had a decomposition point of 239-244° (8° per minute) 
and a rotation of [a]?! = —31.7° (1 per cent solution in water). 


(‘sleulated, N S.I8, S 18.73; found, N 8.29. 8 18.94 


The thienylalanine isomers, as designated above, were obtained by a 
series of steps corresponding exactly to those by which the known isomers 
of phenylalanine have been separated, and they had physical properties 
corresponding closely to those of the phenylalanine isomers. However, it 
was thought desirable to obtain additional evidence for the assignment of 
spatial configuration. Lutz and Jirgensons have demonstrated that for 
amino acids of the L configuration the optical rotation changes in a positive 
direction with increasing acid concentration (7). The rotations of 1 per 
cent aqueous solutions of the thienyl-L-alanine containing 0.5, 1, 2, and 5 


TARLE | 


of Thienylalanine Isomers on Growth of Saccharomyces cerevisiae 


Thieny! ptu-alanine  Colorimeter Thienyl-L- alanine Colorimeter Thienyl-p-alanine Colorimeter 
per 7 cc. reading® per 7 cc. reading | per 7 cc. reading 
Y Y Y 
Li) ri SOO SS 
Ho 1} S9 
1) 10 20) 14 200) 83 
2) Ti 10 33 
is 4.0 () SS 
o ol 
SS SS 


* Klett-Summerson photoelectric colorimeter. 


equivalents of HCl were —24.5°, —18.5°, —16.1°, and — 13.3°, respectively. 
This afforded confirmatory evidence that the compound tested had the L 
configuration. 

Inhilition of Growth of Saccharomyces cerevisiac, Fleischmann Strain 189— 
The medium and procedure used in the yeast growth experiments were the 
same as those described previously (1). Yeast growth was measured 
turbidimetrically with a Klett-Summerson photoelectric colorimeter with 
Filter 42. The inhibitory effects of the thienylalanine isomers are sum- 
marized in Table [. It will be noted that half as much thienyl-L-alanine 
as thienyl-pL-alanine was required to produce the same amount of inhibi- 
tion. Data showing the nullification of thienylalanine inhibition of yeast 
growth by pi-phenylalanine are given in Table II. 

Inhiition of Growth of Escherichia coli The organism, procedure, and 
medium used in these experiments have been described previously (3). 
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Data from typical inhibition and nullification experiments are given in 
Tables III and IV. As in the case of yeast, the same degree of inhibition 
is achieved by a given amount of thienyl-L-alanine as by twice as much 
thieny]l-pL-alanine. 

Inhibition of Growth of Lactobacillus delbrueckit LD5*——The medium used 


TaBLeE II 


Nullification by Phenylalanine of Thienylalanine Inhibition of Growth of 
Saccharomyces cerevisiae 


| Plus 100 7 thienyl-pL-alanine per 


pi_-Phenylalanine per 7 cc. | Plus 50 y thienyl-L-alanine per 7 cc. ey 
Colorimeter readings* 

S00 SS SS 

600 | 95 93 

400 9S 4 

300 | 93 90 

200 76 78 

100 45 48 

50 | 24 | 27 

0 12 | 12 


* The control tubes containing no phenylalanine or thienylalanine gave colo- 
rimeter readings of 108. 


III 


Effect of Thienylalanine Isomers on Growth of Escherichia coli 


Thienyl-pi-ala- Colorimeter Thienyl-L-alanine Colorimeter Thieny!-p-alanine Colorimeter 
nine per 6 cc, reading per 6 cc. reading per 6 cc. reading 
Y 
5 S 1.5 7 1000 US 
2.0 19 1.25 1S 600 v9 
2.0 38 1.0 45 400 99 
1.70 60 O.SS 60 200 06 
1.5 76 0.75 78 100 96 
1.25 &5 0.63 S6 O 100 
1.0 91 | 0.5 89 


100 100 


for these experiments was that described by Stokes, Gunness, Dwyer, and 
Caswell (4), with the exception that phenylalanine and norleucine were 


* American Type Culture Collection No. 9595. Evidence has recently been pre- 
sented by Rogosa (8) and Dunn and coworkers (9) to show that this organism is a 
variety of Lactobacillus casei. 
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omitted and pyridoxine hydrochloride was substituted for pyridoxamine. 
The vitamins were all dissolved in one stock solution which was renewed at 
least once a month. Also a stock solution was prepared containing most 
of the amino acids with each in a concentration of 5 mg. per ce. 


IV 
Nullification by Phenylalanine of Thienylalanine Inhibition of Growth of 


Plus 2.5 y thieny]l-t-alanine per 


pt-Phenylalanine per 6 cc. 6 cc. 
Colorimeter readings® 

100 87 87 
82 
20 79 81 
77 75 
6S 68 
3 60 56 
2 44 50) 
40 39 
0.5 
() 4 


_--- 


* The control tubes containing no phenylalanine or thienylalanine gave colo- 
rimeter readings of S7 to S89. 


TABLE V 
Effect of Thienylalanine Isomers on Growth of Lactobacillus delbrueckii 


Thieny! pt-ala- | Colorimeter Thieny!-L-alanine Colorimeter Thienyl-p-alanine Colorimeter 
nine per6cc, | reading per Occ. reading per 6 cc. | reading 
Y | Y Y 
1200 | 33 | 600 32 5000 112 
1000 39 | 500 | 41 | 2500 | 105 
600 56 300 58 | 1000 | 104 
100 72 200 ee 500 104 
300 82 | 150 8! | 0 | 100 
200 91 | 100 91 | | 
100 103 DW) 101 | 
0 100 | 0 | 101 | | 


The compounds to be tested were placed in 16 K 125mm. _ Pyrex test- 
tubes in a total volume of 1 cc. of water, and 5 ce. of the above medium 
were added. Cells from a 20 to 24 hour culture of the organism, grown in 
the inoculum medium of McMahan and Snell (10), were centrifuged, 


| 
Escherichia coli 
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washed, and resuspended in 20 cc. of saline. | drop of this suspension 
was used to inoculate each tube. Growth was estimated turbidimetrically 
after incubation for 40 hours at 37°, with a Klett-Summerson photoelectric 
colorimeter with Filter 66. 

40 y of pL-phenylalanine were added to each of the tubes containing the 
amounts of thienylalanine noted in Table V. In the absence of thienyl- 
alanine this amount of pL-phenylalanine produced about 75 per cent of the 
maximum growth obtainable with an optimal amount of phenylalanine. 
The results indicate that, as in the case of the other organisms, thienyl-1- 
alanine and thienyl-pi-alanine show the same inhibitory activity on the 
basis of the amount of L isomer present, whereas thienyl-D-alanine shows 
no activity. 


SUMMARY 


The resolution of 8-2-thienyl-pL-alanine has been described and the effect 
of the two enantiomorphs on the growth of Saccharomyces cerevisiae, 
Escherichia coli, and Lactobacillus delbrueckii LD5 has been reported. The 
thienyl-L-alanine caused inhibition of the growth of each microorganism 
which could be counteracted by the addition of phenylalanine. The p 
isomer had no inhibitory activity. 


The authors are indebted to Dr. Julian R. Rachele and Miss Josephine 
Ic. Tietzman of this laboratory for the microanalytical work. 
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STUDIES ON CHOLINESTERASE* 
V. KINETICS OF THE ENZYME INHIBITION 
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(Received for publication, February 16, 1948) 


The investigations which followed the discovery of diisopropyl fluoro- 
phosphate (DIFP) posed two distinct problems: (1) whether the high 
toxicity of this compound must be attributed exclusively to the reaction 
with cholinesterase, (2) whether cholinesterase activity is essential for 
conduction. 

Many difficulties and apparent contradictions had to be overcome before 
the inseparable association of the toxic signs of DFP poisoning with the 
inhibition of cholinesterase became evident. ‘The ability to reverse the 
block of conduction in nerves exposed to DFP appeared incompatible with 
the irreversible inactivation of cholinesterase which was assumed to be 
instantaneous. It could, however, be shown that the irreversible in- 
activation of cholinesterase by DFP is a slow process dependent upon a 
number of controllable factors and, furthermore, that the inactivation of 
the enzyme is paralleled in every respect by the abolition of the electrical 
activity of nerves (1-4). The observation that conduction is possible in 
complete absence of cholinesterase was shown to be based on inadequate 
techniques (5). It is true that in some nerves as much as 90 per cent of 
the cholinesterase may be inactivated without impairing conduction, but 
this indicates only that the enzyme may be present in excess (10 times); 
the remaining 10 per cent is essential and cannot be inactivated without 
impairing conduction. The amount metabolized by this fraction is in the 
range to be expected on the basis of thermodynamic data (6). The rela- 
tively high concentration of DFP required to block conduction in nerves 
exposed to the compound could be explained by the observation that only 
a fraction of the DFP outside (less than 0.5 per cent) is found inside the 
nerve. Much of the highly lipide-soluble compound is apparently retained 
bv the lipide membrane (5). Finally, it could be shown that the death 


* The work described in this paper was done under contract between the Medical 
Division, Chemical Corps, United States Army, and Columbia University. Under 
the terms of this contract the Chemical Corps neither restricts nor is responsible for 
the opinions or conclusions of the authors. It has been supported by a grant from 
the Josiah Macy, Jr., Foundation. 
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following injections of DFP coincides with the inactivation of cholinesterase 
(6). 

DIP is one of the most specific and most powerful enzyme inhibitors 
known (7). Although its toxicity must be referred to this single chemical] 
reaction, the investigations mentioned have demonstrated that the effee- 
tiveness of a drug depends on a great variety of tactors. Some of these 
factors were found in experiments on isolated nerves or on the whole 
animal; others, in én vitro experiments. 

Some kinetic aspects of the enzyme inhibition of DFP have now been 
studied in order to determine whether or not additional factors have to be 
considered in the interpretation of the mechanism of DFP action. Sueh 
an analysis has been made possible by the availability of a virtually pure 
cholinesterase preparation, showing only one component in the analytical 
ultracentrifuge run. The results of these observations will be described 
in this paper. 


Methods 


Cholinesterase was prepared by fractional ammonium sulfate precipita- 
tion from the electric tissue of Electrophorus clectricus as recently described 
8). About 50 ec. of a solution were obtained, capable of splitting 2500 
gm. of acetylcholine per hour. 1 mg. of protein could hydrolyze 20 gm. of 
acetylcholine per hour. The enzyme solution was dialyzed against distilled 
water for 9 days, then divided into five equal portions and lyophilized." 
A fine white powder was obtained and kept for several months in the 
refrigerator in sealed ampuls. One tube of lyophilized cholinesterase was 
dissolved in 30 cc. of solution containing the following salts: 0.1 Mm NaCl, 
0.01 m MgCl, 0.015 m phosphate buffer, pH 7.4.) The solution could 
hydrolyze approximately 500 gm. of acetylcholine per hour, which in- 
dicated that the process of lyophilization and storage of the powder for 
several months in the ice box had no effect on the activity of the enzyme. 

The enzyme solution was centrifuged at 36,000 R.p.m. for | hour at 
about 9°.2 The pellet was redissolved in 4 ec. of phosphate buffer described 
above. Since there were some undissolved particles, the solution was 
centrifuged and the residue washed twice with 3 ec. of buffer. 1 ec. was 
capable of splitting 24.4 gm. of acetylcholine per hour. More than half 
of the enzyme activity was lost by the procedure. We are unable to 
account for this loss, since, in previous experiments, ultracentrifugation 
did not affect the activity under similar conditions. In the solution 
obtained, 1 mg. of protein was capable of hydrolyzing about 60 gm. of 


‘We are greatly indebted to Dr. J. A. Aeschlimann, Hoffmann-La Roche, Ine., 
in whose department the lyophilization was carried out. 
*We are greatly obliged to Dr. K. G. Stern for the ultracentrifuge run. 
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acetylcholine per hour, which is close to the highest degree of purity ob- 
tained previously (8). This enzyme solution bas been used in all experi- 
ments described in this paper. 

The incubation at 10° and the manometric determinations of the cholin- 
esterase activity at this temperature were carried out in a refrigerated 
Warburg bath.’ 


Results 


Oplimal Incubation Period—For the study of the kineties of the inhibi- 
tion of an enzyme, the possibility of working with a wide range of enzyme 
concentration Is a great advantage. Rather high enzyme concentrations 
appeared advisable for determining whether the effect of DFP on the 
enzyme occurs on & mole to mole basis. ‘The enzyme concentration of the 
preparation available was 1.4 X 1077 M, calculated on the assumption of a 
molecular weight of about 3,000,000. ‘This figure is based on the sedi- 
mentation rate in the analytical ultracentrifuge run (8). ‘The concentra- 
tion appeared to be proper for the investigations planned. 

At first, an incubation period had to be found which offered the optimal 
condition. Since the inhibition of the enzyme is progressively irreversible, 
a prolonged incubation period would lead to the destruction of the greatest 
part of the enzyme, whereas the effeet during a short incubation period 
might be too small for accurate estimation. ‘lo 0.5 cc. of the enzyme 
solution, 0.5 cc. of a solution was added of which the DFP concentration 
was 3 X 10-° vm. The degree of inhibition was determined at varying 
periods of incubation by removal of an aliquot part of the solution and 
dilution to 5000 times its original volume. By this dilution, the con- 
centration of DFP falls far below its inhibitory range and that fraction 
of the enzyme which had not been irreversibly inactivated could be deter- 
mined manometrically. As mav be seen from the data of Fig. 1, at 23° 
inactivation of about 50 per cent is obtained after an incubation period of 
150 minutes. During this period, the percentage inactivation rises at a 
rather high rate, whereas later the increase progresses more slowly. After 
300 minutes incubation, the fraction of enzvme inactivated had risen to 
66 per cent. 

The experiments were repeated at 10°. The percentage inhibition, as 
may be seen from the data of Fig. 1, was slightly smaller than at 23°. ‘The 
shape of the curve was, however, about the same. After 150 minutes of 
incubation, 39 per cent of the enzyme was inactivated, after 300 minutes 
about 55 per cent. At first glance, it may seem surprising that the differ- 
ence between 10° and 23° is so small. But obviously, two antagonistic 


* Manufactured by the American Instrument Company. 
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factors are involved: at 23°, the rate of hydrolysis by active enzyme wil] 
be higher; on the other hand, the rate of inactivation of cholinesterase by 
DFP will also be increased at higher temperature and therefore less active 
enzyme will be left at the end of the incubation period. ‘These antagonistic 
effects may account for the rather small difference observed. 

From the data obtained, an incubation period of 150 minutes at a tem- 
perature of 10° appeared to be a favorable condition for the study of the 
varying factors involved and has been used for the following observations. 

Relation between Enzyme and Inhibitor Concentrations Waving thus 
established the optimal incubation period, the concentration of the inhibitor 


INHIBITION 
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Kia. 1. Inactivation of cholinesterase by DFP at varying periods of incubation. 
The DFP concentration used was 1.5 & 10-8 Mm; the enzyme concentration about 
7X 10°° uw; X at 23°, @ at 10°. 


during the incubation was varied in order to test whether or not the effect 
changed proportionally. As may be seen from Fig. 2, the inhibitory effect 
of DFP at a concentration lower than that required for 50 per cent inhibi- 
tion at 150 minutes incubation decreased strictly proportionally. This 
suggests an inactivation of the enzyme by the inhibitor on a stoichiometric 
basis. The data obtained in a series of experiments were so consistent that 
only one set is reproduced in Fig. 2. With twice the concentration re- 
quired to inactivate 50 per cent of the enzyme, the percentage inhibition 
rose to 86.5 per cent. The departure from strict proportionality is to be 
expected in that high range of inhibition. 

Excess of Inhilnitor over Enzyme Concentration Although the striet 
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proportionality between increase of inhibitory effect and the increased 
concentration of the inhibitor suggested an action on a mole to mole basis, 
it appeared surprising that the concentration of the inhibitor, under the 
experimental condition used, was 25 times as high as the concentration 
of the enzyme. 

In order to find out the role of the enzyme concentration in this connec- 
tion, a series of tests was made by varying the enzyme concentration from 
0-7 to 10°" mM. As may be seen from Fig. 3, it was found that the excess 
required increases rapidly with dilution. If p#, the negative log of the 
molar concentration of the enzyme, is plotted against the log of the ratio 


INHIBITION 
PER CENT 


100r- 


10 20 30 atte 
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Fig. 2. Relationship between the percentage of enzyme inhibition and the con 
centrationof DFP. Upto50 per cent, the inhibition inereases strictly proportionally 
to the increase of DFP concentration, suggesting a reaction on a mole to mole basis. 


of inhibitor concentration, |/|, to enzyme concentration, |], a straight 
line is obtained. Whereas the excess of molecules of inhibitor over mole- 
cules of enzyme is 25 times in the highest enzyme concentration used, 
more than 100,000 molecules of inhibitor are necessary for each molecule 
of enzyme in the lowest concentration tested in order to obtain the 50 
per cent inactivation. 

It appears likely that the line of Fig. 3 remains straight at concentrations 
higher than those tested. In that case, extrapolation to the point log 
J\/\E\ = | would give a value of approximately 6. At this concentration, 
lee. of enzyme would hydrolyze between 350 and 400 gm. of acetylcholine 
per hour. Such a concentration of the enzyme may be obtained. In 
earlier experiments, an enzyme solution was prepared, | cc. of which was 
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capable of hydrolyzing 500 gm. of acetylcholine per hour. Whether sueh 
a concentration may occur in nature is at present difficult to decide. The 
highest activities found tor eleetre tissue of the eel and the head eunglion 
of squid corresponded to a hydrolytic power of 6 to 7 gm. of acetylcholine 
per gm. of fresh tissue per hour, Since it is known that the enzyme js 
concentrated exclusively in the neuronal surface, it is possible that if the 
active membrane is a layer only a few molecules thick the concentration 
there may be of this order of magnitude or even higher. Independent 
Oo} this physiological problem, it would be of interest for the study of the 
kineties of the enzyme inhibition to test the inhibitory effect im such ex 


40 50 
log 
hic. 3. Excess of DIP required for varying enzyme concentrations. pk, the 
negative log of the molar concentration of the enzyme, is plotted against the log of 
the ratio of Inhibitor eoncentration, the enzvme eoneentration. | 


treme concentrations. However, tor the time being, no such preparation 
is on hand and the experiment must be postponed tor later studies. 

Ditierence between DFP, Eserine, and Prostiqmine —Vhe tundamental 
difference ot the chemical reaction between cholinesterase and DEP as 
compared with that of other known inhibitors is obviously the prowressive 
irreversibility. It appeared worthwhile, however, to investigate whether 
or not there are additional variables on which the effect of these two types 
of inhibitors may depend. 

Since the reaction between prostigmine and cholinesterase is totally 
reversible, an incubation with a high enzyme concentration and subsequent 
dilution of several thousand times, as has been used in the case of DFP, 
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should lead to complete inactivation and, therefore, have no effect. “This 
has been checked and confirmed. In experiments with diluted solutions, 
the immediate effect of prostigmine and eserine is in striking contrast to 
the slowly increasing action of DFP. As may be seen in fig. 4, incubation 
with eserine for varying periods of time, up to 150 minutes, does mot alter 
the degree of inhibition. ‘The same has been found with prostigmine. 
The percentage of inhibition produced by DEP rises continuously. [In 
this cuse, the inhibition represents the total effeet, the reversible as well 


INHIBITION INHIBITION 
PER CENT PER CENT 
100, 100, 


50) 50 


x Eserine OD Eserine 
@ Prostigmine 
x DFP 
MIN OF INCUBATION-» 
Pic. 4 Fic. 5 


Fic. 4. Difference between the effect of incubation on cholinesterase tnhibition 
by DFP and by eserine. The prostigmine effect, like that of eserine, is unaffected 
by incubation. The DFP concentration, as we!l as that of eserine, was 1 w. 

Fro. 5. Effectiveness of the inhibition of cholinesterase by DFP and the alkaloids 
prostigmine and eserine at varying inhibitory concentrations. Inhibition in per 
cent plotted against p/, the negative log of the molar concentration of the inhibitors. 
In the experiments with DEP, the enzyme was incubated for 150 minutes with the 
inhibitor before the determination No incubation time was used in the experi- 
ments with the alkaloids 


as the irreversible part, since, at the end of the incubation period, the 
enzyme activity has been tested without dilution. Whereas, tor short 
periods of contact, prostigmine and eserine are, at the same concentration, 
stronger inhibitors than DEP, the effect becomes equal to that produced by 
DFP atter 150 minutes incubation and will be stronger than that of the 
two alkaloids if the enzyme remains in contact with the inhibitor for still 
longer periods of time. It is obvious that this factor will influence the 


toxicity mm vivo. In warm blooded animals, t.e. at 37°, the reaction rate 
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between DFP and enzyme will be much higher than that observed at the 
low temperature used in these experiments. But for short periods of 
time, a considerable difference may be expected between the two types of 
inhibitors. 

In another respect, the experiments have revealed a significant difference. 
In low concentrations, at 10~° to 1077 M, prostigmine and eserine have a 
much stronger effect than DFP, even after 150 minutes incubation. How- 
ever, With increasing concentration, the effectiveness of DFP increases 
markedly and at about 3 & 10~° M, it surpasses that of the two alkaloids. 
Fig. 5 shows the inhibitory effects obtained by varying the inhibitor 
concentration. These data were obtained with a constant incubation 
period of 150 minutes at 10°. Since the latter factor has no significant 
effect on the inhibitory action of the alkaloids, its change would influence 
only the DFP curve. At a given concentration, therefore, significant 
differences in effect may be produced by merely altering the incubation 
time. 


DISCUSSION 


‘Two essential facts emerge from the studies of kinetics of cholinesterase 
inhibition by DFP. First, the enzyme inhibition by this compound is a 
stoichiometric reaction. Since the inhibitory effect is produced rapidly, 
whereas the irreversible reaction requires a certain period of time, it 
appears likely that, at first, a loose addition complex is formed between 
enzyme and inhibitor. However, a chemical reaction, which cannot be 
easily reversed, soon develops between the active group of the enzyme 
and the DFP molecules. The rate of this reaction depends upon the 
temperature, the Q;o being approximately 2 as was found previously (4). 

The second fact is the large excess of inhibitor required at low enzyme 
concentrations. Since the reaction probably occurs on a mole to mole 
basis, this large excess may indicate a low affinity for DFP. It may be 
suggested that the inhibitor molecule is rather small when compared with 
- the enzyme and therefore the probability of collision with the active group 
is smaller in more dilute solutions. But the difference in size between the 
enzyme molecules and the alkaloids is nearly as great as in the case of 
DFP and vet the percentage inhibition is greater for the former and the 
reaction faster. Since we do not know the nature of the active groups 
and whether they are actually identical in both types of enzyme inhibition, 
the problem requires further investigation. 

Another result of the observations is the difference between the kinetics 
of the inhibition by the alkaloids and by DFP. Besides the smaller reac- 
tion time just mentioned, the fact that, with a given concentration, the 
effectiveness of the ]I)FP inhibition surpasses that of the alkaloids is of 
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great physiological interest, since the crossing of the two curves occurs in 
a range most important for the toxic effect. Cholinesterase, like all 
enzymes, 1S present in considerable excess; it was found to be 10 to 12 
times in frog sciatic nerve, and 5 to 6 times in the abdominal chain of 
lobster (1, 5). It may vary in different species and even in different 
tissues of the same species and may not be always constant. Let us assume 
a range from 3 to 20 times. The toxic effects may then be expected to 
start after Inactivation of between 66 and 95 per cent of the enzyme. In 
this range, the inhibition by DFP increases rapidly and approaches comple- 
tion, Whereas that by the alkaloids follows a more asymptotic type of 
curve. ‘The interval between the onset of the first signs of intoxication 
by DFP and the completion of its action will therefore be rather small. 
In the event that a vital center is involved, the range between an inactive 
dose and a lethal one will be narrow. 

The most striking result of these investigations is the demonstration of 
the innumerable factors upon which the effectiveness of the enzyme inhibi- 
tion depends in vitro. <A still greater variety of factors has an essential 
role determining the effect on cells and organs zn vivo, such as circulation, 
permeability of different membranes, rate of penetration, etc. Conse- 
quently, the toxic signs show a nearly unlimited number of variations and 
it is not surprising that some investigators have been misled into believing 
in different mechanisms and in an undefined general toxic effeet of DFP. 
The experiments lend, however, further support to the conclusion derived 
from the previous observations that the toxicity of DFP must be attributed 
exclusively to the inactivation of cholinesterase. The great variety of 
toxic symptoms is obviously not due to a multitude of chemical reactions 
but to the great number of variables which have been demonstrated to 
influence the course of this single reaction. 


SUMMARY 


Some kinetic aspeets of cholinesterase inactivation by DFP have been 
studied and compared with the inhibitory effect of alkaloids. A highly 
purified enzyme preparation was available in which | mg. of protein was 
capable of hydrolyzing 60 gm. of acetylcholine per hour. 

1. The rate of inactivation for varying periods of incubation has been 
measured. Under the conditions used, about one-half of the enzyme was 
inactivated after 150 minutes incubation. The rate of inactivation then 
decreased considerably. 

2. Only a small difference in the rates of inactivation was found between 
10° and 23°. This may be explained by the fact that the higher inactiva- 
tion rate at the latter temperature is compensated for by the increase in 
enzyme activity from 10° to 23°. An incubation period of 150 minutes 


q 
3 
t 
4 
¥ 
‘ 


256 CHOLINESTERASE. V 


at 10° appeared a favorable condition and was used for obtaining the data 
for the observations which follow. 

3. With increased DFP concentration, the inactivation of the enzyme 
increased proportionally. ‘The data suggest a reaction on a stoichiometric 
basis. 

4. The reaction of DFP with the cholinesterase depends on the enzyme 
concentration as well as on that of the inhibitor. The greater the dilution 
of the enzyme, the higher is the excess of DFP required. If p#, the nega- 
tive log of the molecular concentration of the enzyme, is plotted against 
the log of the ratio of inhibitor concentration, |/|, to that of the enzyme, 
E\, a straight line is obtained. In the concentration generally used for 
manometric determinations, an excess of more than 100,000 molecules 
of inhibitor is necessary per molecule of enzyme. 

The fundamental difference of the inhibition of cholinesterase by DFP 
as compared with that by the alkaloids prostigmine and eserine is the 
irreversible nature of the former. Additional differences, however. were 
observed. 

5. Incubation at periods up to 150 minutes did not affect the inhibitory 
action of the alkaloids, in contrast to that of DFP. 

6. In lower concentrations the alkaloids have a stronger effect: than 
DFP, even if the former are tested without and the latter after 150 minutes 
mcubation. In higher concentrations, the DFP inhibition becomes more 
effective and rapidly approaches completion, whereas that of the alkaloids 
follows a more asymptotic type of curve. 

The experiments offer additional support for the conclusion that the 
great variety of toxic symptoms by DIP poisoning must not be attributed 
to a multitude of chemical reactions but to the great number of variables 
influencing the course of the single reaction with cholinesterase. 


BIBLIOGRAPHY 


1. Bullock, T. H., Grundfest, H., Nachmansohn, D., Rothenberg, M. A. and Sierling, 
Neurophysiol., 9, 253 (1946), 

2. Bullock, ‘T. H.. Grrundfest, H., Nachmansohn, D., and Rothenberg, J. 
Neurophysiol., 10, 63 (1947). 

4. Grundifest, [1., Nachmansohn, D., and Rothenberg, M. J. Neuwrophysiol., 
10, 155 (1947). 

4. Nachmansohn, J)., Rothenberg, M. A., and Feld, k. A., Arch. Biochem. 14, 197 
(1947). 

5. Feld, Ik. A., Grundfest, Nachmansohn, and Rothenberg, M. A., /. Neuro- 
physiol.,, in press. 

6. Nachmansohn, D., and Feld, EF. A., J. Biol. Chem., 171, 715 (1947). 

7. Dixon, M., and Needham, D. M., Nature, 168, 432 (1946). 

s. Rothenberg, M. A., and Nachmansohn, D., J. Biol. Chem., 168, 223 (1917). 


} 
s] 
t’ 
li 
t| 
} 
W 
a 
le 
iif 
ti 
le 
L, 


THE REACTION BETWEEN THIOBARBITURIC ACID AND THE 
OXIDATION PRODUCTS OF CERTAIN LIPIDES 
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‘From the Departments of Physiology and Pharmacology and of Biochemistry, Duke 
lniversily School of Medicine, and the Department of Zoology, Duke 
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(Reeeived for publication, February 12, 1948) 


In 1944 Ikohn and Liversedge (1) showed that tissue suspensions or 
slices incubated aerobically produce a compound which will condense with 
either p-aminobenzoic acid (PAB) to give a yellow color or with thiobar- 
bituric acid to give an orange-red color. Brain is the most active tissue, 
liver next, and other tissues show some activity. Subsequently, Bernheim 
et al. (2) found that washed brain suspension boiled for LO minutes and 
then incubated aerobically with small amounts of ascorbic acid takes up 
oxygen and produces the substance which condenses with PAB or thio- 
barbituric acid, Apparently, in the presence of ascorbic acid something is 
split from the brain protein. Elhott and Libet (3) have shown that phos- 
pholipides increase the oxygen uptake of brain suspensions and that this 
effect is increased by ascorbie acid. Accordingly, we prepared and purified 
lecithin from brain and also from eggs, and, after incubating this lecithin 
with ascorbic acid, obtained colors with PAB and thiobarbituric acid. The 
absorption spectra of both are identical with those reported by Kohn and 
Liversedge. It thus seems that ascorbic acid catalyzes the oxidation of 
lecithin, either free or combined with tissue protein, and that this oxidation 
can be followed quantitatively by the use of either one of the reagents 


EXPERIMENTAL 


kge lecithin was prepared by extracting volks with an aleohol-ether 
mixture, filtering, evaporating to a small volume, and precipitating with 
acetone. The precipitate was dissolved in petroleum ether and reprecipi 
tated with acetone. This process was repeated three to five times. Brain 
lecithin Was prepared from rat brain by first desiccating the ground tissue 
with acetone and then extracting it with petroleum ether and precipitating 
With acetone. Cephalin, prepared according to the method of Foleh (4), 
was kindly supphed by Dr. J. Il. Ferguson, lysolecithin by Dr. H. B. 
Colher, and sphingomyelin and sphingosine by Dr. H. EE. Carter. 

The cxperiments were carried out at pH 6.0 because the pH optimum of 
the reaction with free lecithin is the same as that found by Kohn and 


Liversedge for tissue suspensions. Lecithin which had been kept under 
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acetone in the ice box was rapidly dried, weighed, and either shaken into an 
emulsion in 0.05 M sodium-potassium-phosphate buffer, pH 6.0, or dis- 
solved in 95 per cent alcohol. The required amount was put into 50 ¢e. 
Erlenmeyer flasks with or without ascorbic acid which had been brought 
to the same pH. The total volume in each flask was 4.0 ec. The flasks 
were filled with 100 per cent oxygen and incubated with shaking in a bath 
at 37°. No reaction occurred in nitrogen. Heating at 100° or at 125° in 
the autoclave gave a negative result, presumably because the product of 
the reaction is destroyed at high temperatures. The instability of the 
product is also shown by the fact that evaporation to dryness even at low 
temperatures completely inhibited the reaction. After the addition of 
trichloroacetic acid, aliquots of the incubated material were taken, and the 
thiobarbituric acid reagent of Kohn and Liversedge was used to develop 
the color. The absorption spectra were measured in the Beckman spectro- 
photometer. 

Most of the experiments were done with egg lecithin. As soon as it was 
prepared, a sample was tested with the thiobarbituric acid reagent. This 
reagent was used rather than PAB because it gives a somewhat more stable 
color, which was estimated in the Evelyn photocolorimeter with a No. 540 
filter. Because of the slight opalescence of lecithin solutions, controls 
without the addition of thiobarbituric acid were used to estimate the light 
absorption of the lecithin itself. When a lecithin-protein complex was 
used, addition of trichloroacetic acid precipitated the lecithin with the 
protein, which could be centrifuged off to leave a clear solution. The 
amount of color produced by the freshly prepared lecithin varied consider- 
ably in different preparations. Incubation of the lecithin for 2 to 3 hours 
at 37° in 100 per cent oxygen without ascorbic acid produced some increase 
in color. This also occurred if the lecithin was allowed to stand in the ice 
box for several weeks. Autoxidation, therefore, produces the same sub- 
stance (indicated by the identity of the absorption spectrum) as oxidation 
in the presence of ascorbic acid. ‘The latter catalyzes the reaction. 

Table I shows the effect of varying the lecithin and ascorbic acid con- 
centrations on the color developed after incubation. The values (D = 
(2 — log 7’) X 100) are corrected from a calibration curve, for the absorp- 
tion is proportional to the concentration at low concentrations only. Ac- 
curate results were difficult to obtain, because of the tendency of the lecithin 
to be adsorbed on glass surfaces, thus altering the amount in solution. 
Better proportionality was obtained with the brain protein-lecithin complex 
(2). When 1.0 to 2.0 mg. of lecithin was used with ascorbic acid, maxi- 
mum values were obtained at the end of 2 hours incubation. Further 
incubation was without effect even if more ascorbic acid was added at the 
end of the 2 hour period. The ascorbic acid is thus not the limiting factor. 
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In order to determine what part of the lecithin molecule was undergoing 
oxidation, the following experiments were done. Incubation of choline, 
glycerol, or 8-glycerophosphate with ascorbic acid gave negative results. 
Apparently the fatty acid part of the molecule is the point of attack. To 
prove this, lecithin was hydrolyzed by KOH in the usual way and the 


TABLE | 
Effect of Lecithin, Ascorbic Acid, and Fatty Acids on Color Development 


Color produced after incubation of egg lecithin with 0.2 mg. ascorbic acid for 1.5 hrs. at 37°, pH 6.0, in 
100% Oz; lecithin dissolved in 95° alcohol; each vessel contained 3.8 cc. buffer and 0.2 cc. alcohol; 
control values without ascorbic acid have been subtracted 


Lecithin Color, D = (2 ~— log T) X 100 
me. 

0.25 3.3 

0.50 5.8 

1.00 10.1 

2.00 | 18.2 


Color produced after incubation of ascorbic acid with 5.0 mg. lecithin for 3 hrs. at pH 6.0; control values 
without ascorbic acid have been subtracted 


Ascorbic acid in 4.0 ce. 


0.001 | 7.1 
0.0025 | 7.9 
0.005 | 16.6 
0.010 | 20.1 
0.025 | 24.6 
0.050 | 35.1 
0.100 33.1 


Color produced after incubation of linseed oil fatty acids with 0.2 mg. ascorbic acids for 2.5 hrs. at 37°, pH 6.0, 
in 100°, Oo; fatty acids dissolved in 95°) alcohol: each vessel contained 3.8 cc. buffer and 0.2 cc. alcohol; 
control values without ascorbic acid have been subtracted 


Fatty acids 


0.5 1.9 
1.0 2.9 
2.0) 7.3 


fatty acids isolated. When these were suspended in buffer and incubated 
with ascorbic acid, positive results were obtained. In confirmation of this, 
highly purified linseed oil, a product of the F. Weber Company, Philadel- 
phia, was hydrolyzed, and after incubation of the fatty acids, positive 
results were also obtained (Table I). The values in the absence of ascorbic 
acid were high, indicating that considerable autoxidation had taken place. 

The double bond in the fatty acid is a probable site of the oxidation. 
Lysolecithin, which has no unsaturated fatty acids, gave negative results. 
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Sphingomyelin and sphingosine also were negative, and they contain 


amino and hydroxy groups; so these cannot be involved in the oxidation. | 
Different amounts of iodine were added to a solution of lecithin which was | | 
warmed until all the iodine had disappeared, as judged by the starch test. | : 
Incubation of the iodine-treated samples showed that the color reaction 
was reduced more or less in proportion to the amount of iodine added | 
(Table II). Attempts to perform this experiment with the use of Hanus’ | 
solution were unsuccessful because of the tendency for iodine to be liberated oa 
on standing after the end-point has been reached. ‘The iodine would thus | 
interfere with the ascorbic acid. Oleic and ricinoleic acids, both of which 
| 
TABLE II | t 
Effects of Adding Iodine, Semicarbazide, and Phenylhydrazine to Egqq Lecithin \ 
The effect of adding different amounts of 0.005 ~ iodine to 5.0 mg. of egg lecithin i 
before incubation and the effeet of adding different amounts of semicarbazide and ( 
phenvihydrazine after incubation at 37° for 2.5 hours in 100 per cent O, at pH 6.0. I 
The control values without ascorbic acid have been subtracted. 
Reagent added Color, D = (2 — log T) X 100 t 
None 16.6 
0.3 cc. I, 
0.5 * 2.9 
0.8 “ 0.0 | I 
t 
None 19.6 1 
0.10 mg. semicarbazide 13.4 t 
12.0 
0.50 “ 3 9 s 
0.10 phenylhydrazine HC! 
have one double bond in the middle of the molecule, gave negative results. y 
Therefore, this double bond is not oxidized to produce the chromogenic : 
eompound. (Cf. Bailey (5) for a discussion of the different reactivities of ‘ 
double bonds in fatty acids.) I 
The nature of the oxidation product was investigated. After incubation : 
of lecithin, small amounts of semicarbazide or phenvlhyvdrazine were added 
to the mixture before the thiobarbiturie acid. ‘Table IL shows that such 
additions inhibited the subsequent color formation, which suggests that 
an aldehyde or ketone group is present. It is probable, however, that ' 
such groups are potentially rather than actually present and are only | 
formed in the presence of the reagents, because the straight chain aldehydes P 
or ketones tested will not condense with thiobarbituric acid to produce a I 
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color. What probably happens is that the double bond is oxidized to form 
an ether or peroxide linkage, which reacts with the thiobarbituric acid (or 
PAB). The molecule is split by this reaction and either the longer or the 
shorter part combines with the reagent. 

In order to determine the size of the molecule attached to the thiobar- 
bituric acid, the colored product was isolated. After incubation of the 
lecithin and aseorbic acid and the addition of thiobarbituric acid, the mix- 
ture was extracted with isoamyl alcohol. The colored compound was 
was easily extracted and the alcohol solution was washed several times 
with acid water. The compound was next extracted from the aleohol by 
dilute alkali, which was then acidified and extracted with ether to remove 
the excess thiobarbituric acid. It was extracted with isoamyl alcohol, 
which was then slowly evaporated down. The colored compound precip- 
ijtated in a flocculent mass, which was centrifuged off and dried The 
dry powder was thoroughly extracted with boiling ether to remove any 
remaining free thiobarbituric acid. 

The product still had some inorganic residue but no organic phosphate, 
as determined after digestion with perchloric acid by the method of Fiske 
and Subbarow (6); so presumably the whole lecithin molecule is not com- 
bined with the thiobarbituric acid. The analysis of the compound cor- 
rected for the inorganic residue gave 43.3 per cent C, 16.7 per cent S, and 
15.3 per cent N. If a 3-carbon chain with 1 oxygen atom were added to 
the thiobarbituric acid, the theoretical values would be 42.0 per cent C, 
16.3 per cent 8S, and 14.4 per cent N. These values are sufficiently close 
to indicate that 3 carbon atoms are removed from the fatty acid. As- 
suming the addition of 3 carbon atoms and an oxygen, the yield of the 
colored compound is about 15 per cent. Recent work on the position of 
unsaturated bonds (7) shows that in the highly unsaturated acids (linolenic 
and others) a double bond is placed between groups of 3 carbon atoms. 

Incubation of lecithin with H,O, instead of ascorbic acid gave negative 
results. Any excess HeOQ. which might interfere with the test was re- 
moved by catalase before the addition of thiobarbiturie acid. Crystalline 
rat hemoglobin will, however, act catalytically for the brain preparation, 
lecithin, and the fatty acids from linseed oil and is a better catalyst for the 
last than ascorbic acid. ‘The compound formed has the same absorption 
spectum regardless of the catalyst (Fig. 1). 1.0 mg. of epinephrine inhibits 
the catalytic action of ascorbic acid and hemoglobin completely, and 0.5 
mg. of NaCN causes partial inhibition, probably by combining with the 
end-product. 

A few experiments were done with cephalin. The autoxidation of the 
preparations used was large, but ascorbic acid still showed an effect. 
Hemoglobin, however, does not act as a catalyst for the oxidation of 
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Fic. 1. The absorption spectra of the thiobarbituric acid compound formed after 
the oxidation of various lipides thi 


cephalin. In fact it even inhibits the autoxidation as well as the action 
of ascorbic acid. After incubation of 5.0 mg. of cephalin alone, the read- 
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ing was 42.4; with 0.2 mg. of ascorbic acid, 57.2; with hemoglobin, 15.2; 
and with ascorbic acid and hemoglobin together, 24.6. Cephalin added to 
hemoglobin and lecithin does not inhibit the catalytic action of the hemo- 
globin on lecithin. ‘Therefore, cephalin does not inactivate the hemoglobin. 
The absorption spectrum of the compound made from cephalin shows a 
slightly more pronounced band at 450 my than does the compound made 
from lecithin (Fig. 1); otherwise they are identical. Experiments with 
inorganic iron and copper salts as catalysts were inconclusive, because 
they interfered with the thiobarbituric acid test. 
DISCUSSION 

The reaction described above, namely the oxidation of a double bond 
and the breaking off of a fragment containing 3 carbon atoms from the 
end of the chain, could oecur in linolenic acid. Linolenic acid, or other 
similar unsaturated acids, may be formed in the oxidative metabolism of 
brain, liver, and kidney, and possibly other tissues as well, because, after 
tissue slices are incubated aerobically, strongly positive thiobarbituric acid 
tests are obtained. The fact that such acids have not been isolated from 
liver (8), for instance, may mean that they are not stored because they are 
rapidly oxidized. Similarly, such acids have not been reported in egg 
lecithin, but may be present in small amounts. It is not possible as yet 
to decide how the oxidation proceeds in the body; 7.e., whether autoxida- 
tion or catalysis by ascorbie acid or hemoglobin is responsible for the reac- 
tion. The evidence suggests, however, that oxidation of certain double 
bonds in a fatty acid can occur whether the fatty acid is free or bound in 
the lecithin molecule. The thiobarbituric acid test as well as the PAB 
test is a simple tool for studying this reaction in tissues under different 
conditions. 

In 1917, Plaisance (9) showed that thiobarbituric acid added to fructose, 
which had been previously heated in strong acid, produced a yellow precip- 
itate. We have prepared this compound and measured its absorption 
spectrum, Which is completely different trom the one obtained with fatty 
acids. It may also be mentioned that thiobarbituric acid produces a 
brilliant orange-red color when added to wood chips or sawdust. The 
color turns green in alkah, which is not true of the fatty acid color. We 
have not as vet been able to extract the color trom the wood particles. 


SUMMARY 
1. The colors obtained by Kohn and Liversedge upon addition of either 
thiobarbituric or p-aminobenzoie acid to incubated tissues are due to a 


product of the oxidation of unsaturated fatty acids. 
2. kegg lecithin, or fatty acids isolated from it, brain lecithin, fatty acids 
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from linseed oil, cephalin, and the brain protein-lecithin complex previously 
described give colors with these reagents after aerobic incubation with 
ascorbic acid. The absorption spectra of these colors are identical with 
those described by Kohn and Liversedge. : 

3. After autoxidation the same colors are produced. Ascorbic acid js 
thus acting as a catalyst. Crystalline hemoglobin also acts catalytically 
for all the lipides except cephalin. Incubation with HeQ. gave negative 
results. 

4. The mechanism of the reaction is discussed. 

Addendum— After incubation, pure linoleic acid (himer and Amend) gives only a 
trace of color with thiobarbituric acid. Under the same conditions pure methyl lin 
olenate (Hormel! Foundation) produces a large amount of the characteristic color. 


Ditertiary butyl peroxide (Shell Corporation) does not react with thiobarbiturie aeid 
to give a color. 
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ON THE INHOMOGENEITY OF COMMERCIAL HEPARIN 
PREPARATIONS FROM THE PHYSICOCHEMICAL 
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Heparin is known to be inhomogeneous. Jorpes iound, for instance, 
that heparin prepared from ox liver was not a homogeneous substance. 
Heparin has also been obtained as a crystalhzed barium salt, and a di- 
vergence of opinion exists with regard to its degree of purity, homogeneity, 
ete. For details the reader is referred to Jorpes (1) and Chargaff (2). 

Extensive physicochemical investigations have not, as far as we know, 
been carried out on heparin. In connection with other studies we under- 
took physicochemical measurements on two of the purest trade prepara- 
tions of heparin, viz. Roche (Switzerland) and Vitrum (Sweden). Molecu- 
lar weight determinations for heparin Vitrum were carried out earlier by 
Gronwall, Ingelman, and Mosimann (3). They reported a molecular 
weight of 17,000, which we have now verified. At the same time, a cer. 
tain polydispersity was found which led us to a closer investigation of the 
questionable homogeneity of heparin. 


EXPERIMENTAL 


Electrophoresis -Wilander found only one active component with a mo- 
bility of 17 to 19 & 107° sq. em. per volt per second. Chargaff ef al. (4) 
also found only one component on electrophoresis. In our electrophoretic 
investigation of heparin we found two distinct aefwe components, both of 
which moved towards the anode. Heparin Vitrum and Roche gave the 
same result. 

The Tiselius electrophoresis apparatus was used tor this investigation 
(ef. Svensson (5)). 

The experiment with heparin Vitrum was made with | per cent heparin 
solution in phosphate buffer at pH 6.8 and iomic strength O.1. The poten- 
tial gradient was 6.75 volts per em. After electrophoresis for | hour a 
division Was obtained into two components, a and 8, with mobilities of 
ie = 19.2 &* 10 and us = 16.0 K 10°. The following percentage com- 
positions could be calculated from the electrophoresis diagram: a@ = 54 per 


* Department of Radiopathology, Caroline Institute and Radiumhemmet, Stock- 
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cent, 8 = 46 percent. The faster peak appeared more homogeneous. The 
slower peak tended to broaden to a certain extent (Fig. 1). After electro- 
phoresis for a longer time, a third small component could be observed 
which had a mobility between those of the a and 8 peaks. 

After electrophoresis for 9 hours with compensation, the components 
were sufficiently distinct and separation could be undertaken. In one cell 
a pure a component was obtained and in the other a + 6. The anticoagu- 
lant activity was assayed by means of the thrombin method of Jaques and 
Charles (6) and gave the following results: a = 75 per cent of the original 
activity, a + 8 = 100 per cent. 


a 


B 


Fra. 1. Eleetrophoresis diagram of heparin Vitrum after 90 minutes (positive 
limb). 


Consequently both components are active, but the a component has the 
greater activity, since the percentage composition indicated that the ecom- 
ponents were present in the ratio 1:1. 

The buffer was separated from the different fractions by dialysis, after 
which they were “freeze dried.’’ Analyses for ester sulfate and hexosamine 
were then made on both fractions. The hexosamine content was practi- 
cally the same in both fractions, but the @ fraction contained 9.0 per cent 
ester sulfate, while the @ + £8 fraction contained only 7.3 per cent ester 
sulfate. Thus, the @ component is definitely richer in ester sulfate than 
the 6 component. 

When heparin Roche was examined under the same experimental condi- 
tions, we found the mobilities to be ue = 18.4 &K 10~°, ug = 15.0 & 10%, 
and the percentage composition a = 50 per cent and 8 = 50 per cent. 
Also in this case the 8 component became broader (Fig. 2). After electro- 
phoresis for 8 hours the experiment was stopped, the a and a + § fractions 
taken out, and their activities determined: a = 55 per cent of the original 
activity and a + 8 = 100 per cent. 
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Obviously heparin is characterized electrophoretically by two main com- 
ponents which occur in about the same proportions but have different 
anticoagulant properties. ‘The composition of heparin Roche and Vitrum 
seems to be fairly similar. 

Adsorption Analysis— We have also used the adsorption technique of 
Tiselius, further developed by Claesson (7). By means of a frontal adsorp- 
tion analysis a diagram was obtained which shows a step for each compo- 
nent, but no definite statements can be made as to the amounts of the com- 


Fig. 2. blectrophoresis diagram of beparin Roche after 120 minutes (positive 


limb). 


ap: 10" 
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hig. 3. Frontal adsorption analysis of an U.20 per cent heparin Vitrum solution in 
water. The ordinate gives the increase in the refractive index. 
ponents. The analysis of heparin Vitrum with ‘‘Carboraffin§ supra’”’ 
(Lurgi) as the adsorbent gave a frontal analysis diagram with three com- 
ponents (Fig. 3). Only the first component could be assayed and its anti- 
coagulant activity was found to be low. On the other hand, heparin 
Roche gave four components during a similar analysis (Fig. 4). 

Recrystallization Experiments—It was of interest to study the effect of 
recrystallization on heparin, and, in particular, of the reerystallization of 
the barium salt in warm acetic acid according to Wolfrom et al. These 
authors reported (8, 9) that heparin Roche partly loses its activity after 
recrystallization, despite the fact that the sulfur content maintains its 
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initial value. During this process they found that amino groups were 


liberated from the heparin molecules. 

In our experiments to recrystallize heparin Roche the results given in 
Table I were obtained. Recrystallization experiments were also performed 
with heparin Vitrum, and similar results were obtained (‘Table I]). 

Determinations of the anticoagulant effect by the thrombin method of 
Jaques and Charles showed a decrease in the heparin activity, although 


5 
p-10 
30 
20 
10 
0! 
0 10 20 ml 
hic. 4. Frontal adsorption analysis of an 0.20 per cent heparin Roche solution in 
water. The ordinate gives the increase in the refractive index. 


TABLE | 
Recrystallization of Heparin Roche according to Wolfrom et Al. 


Metachromacy 


‘Anticoagulant effect ‘MacIntosh (10) 


bster Hexos 
Measured Calculat- Measured Calculat- sulfate? | amine 
las Ba salt ed as Ni as Ba salt d as Na 
Salt saltt 
| per cent per ceni per ceni per cent per cent per cent 
Na salt 100 m8 2.07 | 9.0 | 21 
Ba (trom Na salt) SU) Us 136 2.24 o.4 
Il, reerystall.ized 75 2.73 
reerystallized 56 HS S2 
IV, reerystallized 44 110 2.5! 
reerystallized 36 44 S7 2.70 24.4) 


t Conversion factor 1484/1210 (see Jorpes (1) p. 34). An initial sodium salt was 
given as 100 per cent. 


not quite so great as that found by Wolfrom ef a/. (8), while the degree of 
metachromacy determined according to MacIntosh (10) remained constant 
within the limits of error. Analyses showed also that the content of the 
ester sulfate and hexosamine did not change appreciably during five re- 
crystallizations (Table I). 

Qn the other hand, the ultracentrifuge measurements showed (‘Tables | 
wd ff) that the sedimentation constant increases continuously, and, fur- 
ther, at the same time the ultracentrifuge diagrams indicated that the 
polvdispersity of the preparation also increases. An increase in the sedi- 
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mentation constant may be due to polymerization or other structural re- 
arrangements of the molecule. 

In order to examine this question a molecular weight determination was 
made on the 5 times recrystallized heparin Roche. Determination of the 
diffusion constant for this recrystallized heparin in the cell designed by 
Claesson (11) gave the value D4 = 7.91 X 107’ sq. cm. per second. By 
inserting the values obtained for Seo and Dy, in Svedberg’s formula for 
molecular weight, and by the use of the specific volume which has been 
obtained for commercial heparin (V = 0.50), we found an average molecu- 
lar weight of 16,600, which is in good agreement with the molecular weight 
determined by Grénwall et al. for heparin Vitrum. On the other hand, 
when the frictional ratio is caleulated with the help of the formula (12), 


the value 1.81 is obtained, while for the commercial heparin this factor is 
2.5 (3). 


TABLE II 


Recrystallization of Heparin Vitrum according to Wolfrom et Al. 


5 per cent : per cent | percent per cent | | per cent | pe cent 
Na salt 100 86 | 2.0 9.5 | 18 
Ba (from Na salt) 72 Su 2.60 0 
reerystallized 55 63 77 2.62 
I], reerystallized. 33 15 66 as." | O91 
Il, recrystallized sO) 
I\, reerystallized 25 82 11.5 
V. reerystallized 21 2H 74 2 87 


This decrease in trictional ratio means that the molecules have changed 
their shape or their hydration after the treatment with warm acetic acid. 
Depolymerization of the heparin molecules has not occurred (ef. Jorpes), 
but other changes in the structure of the molecules have obviously taken 
place. 

Qualitative differences also appear in the electrophoresis diagram. In 
the heparin Roche recrystallized five times, the two components mentioned 
above were again found, with the mobilities ue = 17.9 * 10- and 
lg = 154 X 10°-° close to the values for the initial material. We could 
calculate from the electrophoresis diagrams that the a component consti- 
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tuted 70 per cent and 8 made up 30 per cent of this preparation, while for 
the initial heparin Roche the ratio is 1:1. 


DISCUSSION 


The experiments are of particular interest because no agreement js 
found between different investigators (Charles and ‘Todd (13); Jorpes (1)) 
as to whether heparin is to be regarded as a homogeneous substance or 
whether it consists of a mixture of related substances. MWKuizenga and 
Spaulding (14) found that heparin from lung could be fractionated by 
means of precipitation with acetone into two distinct sodium salt fractions 
which exhibited different activities. Our experiments show that a similar 
fractionation of heparin is also possible by various other means. Commer- 
cial heparin obviously contains different substances with different proper- 
ties. 

As to the anticoagulant effect of heparin, the ester sulfate component 
does not play the only r5le. Jorpes (1) had assumed that the decrease in 
activity following recrystallization was due to depolymerization, basing 
his opinion on the fact that ester sulfuric acids of other high polymeric 
carbohydrates exert an anticoagulant effect. This effect was gradually 
lost when the molecules were depolymerized (15). From our experiments, 
we can state that the anticoagulant effect of heparin is distinctly more 
complicated, since no decrease in molecular weight or in ester sulfate content 
is observable, despite a strong decrease in the anticoagulant effect. As judged 
from the molecular weight determinations, heparin cannot be reckoned to 
belong to the very highly polymerized substances, and thus, direct com- 
parisons with the synthetic polysulfuric esters of carbohydrates are not 
justified. The latter, in spite of their higher polymeric nature, exhibit 
weaker anticoagulant activity. Therefore, it seems more likely that the 
amino nitrogen that is set free during recrystallization in warm acetic acid 
according to Wolfrom ef al. (8, 9) plays a fundamental rdle in the antico- 
agulant effect of heparin. With regard to the changes in molecular strue- 
ture described above, which definitely take place parallel with the liberation 
of the amino groups, it appears unlikely that amino nitrogen is acetylated, 
as Was previously assumed by Jorpes and Bergstrém (16). 


SUMMARY 


These investigations show that commercial heparin can be separated by 
means of electrophoresis and adsorption analysis into fractions with differ- 
ent anticoagulant properties. In the course of repeated recrystallization 
of heparin in warm acetic acid, according to Wolfrom ef al., the inactiva- 
tion of heparin is not associated with any depolymerization, which was as- 
sumed by previous authors. 
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PANTOTHENIC ACID STUDIES 
IV. PROPIONIC ACID AND 8g-ALANINE UTILIZATION* 


By TSOO E. KING anp VERNON H. CHELDELIN 
(From the Department of Chemistry, Oregon State College, Corv: lis) 


‘Received for publication, December 12, 1947) 


Wright and Skeggs (1) in a recent publication have investigated the in- 
hibitory efiect of propionic acid on the growth of Escherichia coli. They 
observed that this inhibition could be reversed in large measure by small 
amounts of 6-alanine or pantothenic acid, and concluded from their studies 
that propionic acid operates to prevent the synthesis of §-alanine by 
Escherichia colt. 

Although the above hypothesis appears attractive, it occurred to us that 
at least two other explanations had not been definitely eliminated; 7.¢., that 
propionic acid combines with 8-alanine, forming an inactive or possibly 
toxic peptide, or that propionic acid competes with 6-alanine for combina- 
tion within the cell (possibly to a specific enzyme), thus eventually prevent- 
ing coupling of the pantothenic acid moieties. These possibilities have 
been investigated in the present paper, and the evidence appears to favor 
the latter one. 


EXPERIMENTAL 


In order to study the etfect of each pantothenic acid moiety upon propi- 
onic acid inhibition, two organisms were chosen in which the ability to 
synthesize the vitamin is more restricted than in Escherichia coli. These 
were Acetobacter suboxydans, which requires pantoic acid for growth, and 
Saccharomyces cerevisiae, strain LM (American Type Culture Collection 
No. 9371), which requires 8-alanine. 

The testing methods for veast and acetic acid bacteria were the same as 
those reported in previous papers (2, 3). The media were adapted to the 
needs of the present study, so that the effect of propionic and other acids 
could be observed. Their compositions are shown in Table I. 

The sodium propionate solution was prepared by dissolving propionic 
acid in water and adjusting the pH to that of the medium used. Sodium 


* This work was supported by the National Institute of Health and the Nutrition 


Foundation, Ine. 
Published with the approval of the Monographs Publications Committee, Oregon 
State College, Research Paper No. 119, School of Science, Department of Chemistry. 
For the preceding paper in this series, see King, Locher, and Cheldelin, Arch. 
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acetate solution was made similarly from the anhydrous salt. In order to 
avoid volatilization of fatty acids during steaming, the solutions were sterj- 
lized by filtration and transferred aseptically to the test flasks or tubes 
immediately prior to inoculation with organisms. 

Propiony!-6-alanine was prepared by condensing propiony] chloride with 
3-alanine in a dilute sodium hydroxide solution. After acidification, the 
resulting mixture was evaporated im vacuo to dryness. The residue was 


TABLE I 
Basal Media 


| Organism 
Acetobacter Saccharomyces cerevisiae, 
suboxydans strain 
Casein hydrolysate, vitamin-free. ......... 0 
liver concentrate............. | 3 0 
Potassium dihydrogen 0 
Salt Solutions 1 and 2 (4)*.. aa RS al | 0 1 ml. each 
id 1 ml. each 0 
Inositol 0 15 mg. 
Riboflavin, py ridexine 0 200 y each 
Nicotinic acid, p-aminobenzoic acid... 200 each 
Thiamine... 100 y 100 ** 
Water to... 1 liter 1 liter 


* Bibliographic reference. 


exhaustively extracted with anhydrous petroleum ether in a Soxhlet ex- 
tractor. The propionyl-8-alanine was obtained as a light vellow sirup by 
extraction with dry ethylether. Calculated for CeHOgN, N 9.65 per cent, 
neutralization equivalent 145.6; found, N (micro-Kjeldahl) 9.50 per cent, 
ne'tralization equivalent 149. 

Propyl propionate was prepared by refluxing propyl]! alcohol and propionic 
acid in the presence of 10 per cent sulfuric acid. The ester was separated, 
dried, and redistilled three times, and the fraction boiling at 122—124° was 
collected. 
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Results 


Table Il shows the effects of sodium propionate and sodium acetate on 
the growth of yeast. Inhibition at low levels of 8-alanine was virtually 
complete in the presence of 1 mg. of propionate (0.0015 M), whereas acetate 
wad much less potent. This is in keeping with Wright and Skeggs’ obser- 
vations With Escherichia coli (1). At low levels of 6-alanine, the ratio of 
propionate to B-alanine to produce 50 per cent inhibition was roughly 100: 1; 
for complete inhibition, a ratio of about 10,000:1 was required. The ratio 
was not constant, since relatively more B-alanine was necessary to overcome 
increasing doses of propionate, and at higher levels of the latter compound 
growth could not be completely restored, even by 160 of §-alanine. 


II 


Growth of Saccharomyces cerevisiae, Strain LM (No. 9371), in Presence of Sodium 
Propionate and Sodium Acetate 


Sodium propionate Sodium acetate 


p Alanine Molar concentration 


0 | 0.0003 | 0.002 | 0.004 | 0.006 | 0.016 | 0.032 | 0.072 | 0.016 | 0.032 | 0.072 


< 


Optical density, 2 — log G 


025 0.010 0.005 0.005 0.015 0.015 0.000 0.025 0.025 0.020 


0.0 O 
0.2 0.090 0.025 0.025 0.025 0.025 0.015 0.000, 0.080 0.070, 0.070 
0.5 0.220 0.050 0.035 0.030 0.030, 0.030 0.025 0.000 0.210 0.220, 0.120 
1.0 0.360 0.155 0.150 0.075 0.060 0.055 0.030 0.000 0.300 0.260 0.140 
2.0 0.390 0.280 0.250 0.165 0.110 0.080 0.030 0.000 0.330 0.330 0.170 
5.0 0.430 0.350 0.320 0.270 0.180 0.120 0.045 0.000 0.370 0.230 
20.0 0.430 0.440 0.280 : 
160.0 


0.450 0.450 0.300 


Tubes containing 0.5 mg. of glutamic acid gave better growth, but this was 
considered to be due to the stimulating effect of the amino acid as previously 
reported (6), and presumably is not directly related to propionate. 

The methyl and propyl esters of propionic acid showed feeble inhibition, 
but propionyl-g-alanine stimulated growth slightly. Both effects may be 
due to hydrolysis by the yeast, or possibly (in the latter case) to contami- 
nation with traces of 3-alanine. The results are summarized in Table III. 

In other experiments (data not given), the reversing power of 8-alanine 
and pantothenic acid in yeast was compared to that of other vitamins in the 
presence of various levels of propionic acid. An increase of 2- or 6-fold in 
the concentrations of the vitamins present in the basal medium had no 
effect on propionate inhibition. 0.5 y of pantothenic acid, on the other 
hand, completely reversed the effect of 0.25 mg. of propionate (0.00037 m). 
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The intact vitamin was thus about 40 times as effective as $-alanine in this 
respect, whereas pantoic acid had no reversing power whatever, even jn 
doses as large as 40 mg. per tube. It would appear, therefore, that the 
propionate effect is related to 8-alanine utilization, even though 8-alanine 
cannot completely overcome high levels of propionate. 


TaBue III 


Turbidimetric Response of Yeast Strain LM to Propionic Acid Esters and Propionyl- 
B-alanine in Presence of B-Alanine 


Methy! ester Propy! ester Propiony!-f-alanine 


8 Alanine 
0 mg. Smg. | 25 mg. 0 me. 25 mg. 07 Oly | Wy | 100% 
Y Optical density 


0.0 0.020 0.010. 0.005 0.040 0.030 | 0.040 0.040 0.050 0.490 
0.2 0.050 0.050 0.020 0.105 0.040 0.115 0.120 0.130 0.500 
2.0 0.260 0.280 0.100. 0.410 0.040 0.530 0.500 0.510 0.520 
5.0 0.360 0.330 0.200 0.450 0.100 0.520 0.510 0.520 0.5209 


TaBLe IV 
Growth Response of Acetobacter suborydans lo Propionate tn Presence of Pantote 
Acid and 8-Alanine 


Na propionate Propy! Na propionate (0.048 m) 


Pantoic propionate : 5.4 pantoic acid 
ach 
OM 0,012 0.024M | 0.048 0.096 0.048 M B-Alanine 
Optical density 
| m9 
0.0 | 0.030 0.030 0.030 0.035 0.030 0.030 0.1 0.230 
0.5 | 0.430 0.340 0.300) 0.150. 0.060 0.290 0.2 0.320 
1.0 0.620 0.570. 0.540. 0.200 0.060 0.440 0.5 0.420 
5.0 0.630 0.610 0.540) 0.240 0.060 0.400 1.0 0.400 
15.0 | 0.230 
45.0 0.280 


The effects of sodium propionate on Acetobacter suboxydans are summa- 
rized in Table IV. This organism, like Escherichia coli (1), synthesizes 
8-alanine, and, like the latter organism, requires much higher levels of 
propionate for inhibition than does yeast. Likewise, relatively large 
amounts of extra §-alanine are needed to relieve the inhibition. It is again 
evident that pantoic acid has no effect on the inhibition, as was shown for 
veast and for Escherichia coli (1). 

Adenine, which was found to potentiate propionate inhibition in 
Escherichia coli (1), had no effect upon yeast or Acetobacter swboxydans. 
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DISCUSSION 


Following the development of the Woods-Fildes theory of metabolite- 
antimetabolite relationships (7, 8), experiments of the type carried out by 
Harris and Kohn (9) and by Shive and Macow (10) with vitamin analogues 
as inhibitors have rather clearly established the principle that a growth 
factor Which competitively counteracts a specific inhibitor can be replaced 
with greater effectiveness by other compounds which normally are formed 
from the growth tactor. This is explained by assuming that the inhibitor 
retards only the enzyme system in which it competes, and that it is in- 
capable of entering into successive biosynthetie reactions in the cell. 
Viewed in reverse fashion, this concept has also been utilized (10, 11) to 
identify precursors of growth factors, against which specific inhibitors may 
be much more effective than against the growth factors themselves. Since 
propionate is far more effective against 8-alanine than against pantothenic 
acid, application of the above principle would indicate that propionate 
interferes with reactions which precede the utilization of the vitamin itself, 
such as the synthesis of 8-alanine or the two reactions proposed at the outset 
of this paper. 

The first alternative mechanism proposed to explam propionate inhi- 
bition, namely that S-alanine combines with propionic acid, now seems im- 
probable, however, inasmuch as 8-alanine is incapable of completely revers- 
ing higher levels of propionate. Moreover, the great superiority of 
pantothenic acid over 3-alanine in reversing the inhibition makes such an 
explanation seem doubtful, as does the fact that propionate is several 
hundred times as effective an inhibitor as acetate, and is correspondingly 
more easily counteracted by 8-alanine. The obviously closer structural 
relationship between propionic acid and 8-alanine has been pointed out (1). 

The final question of whether propionate inhibits 6-alanine utilization 
directly can be answered by the experiments with yeast. Since this organ- 
ism cannot synthesize the nutrilite, it should be relatively insensitive to 
propionate if the latter were merely capable of blocking 8-alanine synthesis 
(1). The observed great sensitivity to propionate and the ready reversal 
by 8-alanine, on the other hand, indicate that the utilization of 8-alanine is 
impaired by this inhibitor. Such impairment, it would seem, could be 
brought about only by (a) either the combination of propionate with pantoic 
acid or (b) the combination of propionate with some other cellular con- 
stituent, thus resulting in the failure of 8-alanine to become similarly com- 
bined. Since it has already been shown that propionate does not combine 
with pantoic acid, the last mechanism appears to be the most likely one. 

In a previous publication dealing with the effects of various inhibitors 
related to pantoie acid and pantothenic acid (12), it was suggested that 
pantoic acid is attached to cellular enzymes through one or both of its 
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hydroxyl groups. This suggestion is in line with the observation by Lip. 
mann and coworkers (13) that the bulk of the vitamin is in bound form, and 
that it may be released in large degrees by digestion with a phosphodiester. 
ase. The hydroxyl groups of pantothenic acid appear to be logical points 
for phosphate attachment. 

In an attempt to understand the manner in which S-alanine becomes 
attached to pantoic acid in these organisms, the growth-promoting activity 
of @-alanine in low concentrations and the ease with which it reverses 
propionate inhibition appear important. Both of these observations sug- 
gest that this nutrilite is also attached to an enzyme, although the competi- 
tive behavior of propionate points to a weak attachment. Moreover, the 
eventual coupling of 8-alanine to pantoic acid would require any previously 
formed 8-alanine-protein complex to be easily dissociated. In this scheme, 
the protein itself would thus serve as a catalyst, bringing about the coupling 
of the pantothenic acid moieties. 

Although the above scheme is speculative, it accounts satisfactorily for 
all of the recorded observations regarding the formation and utilization of 
pantothenic acid which have come to our attention. The superiority of 
pantothenic acid over 8-alanine in reversing growth inhibition (not only by 
propionate but also by glutamic acid and other amino acids (6, 14) is easily 
explained, if it is assumed that these compete with @-alanine for attachment 
to the protein, as explained above. Such competition would, of course, be 
impossible wherever pantothenic acid serves as the growth promoter. 


The authors wish to acknowledge the technical assistance of Ruth &. 
Langdon. 


SUMMARY 


The inhibition of the growth of yeast and Acelobacter suborydans by 
propionate has been observed, and the relation of 3-alanine to this inhibition 
has been studied. 

From the results obtained, it appears that propionate inhibits growth by 
competing with 8-alanine for attachment within the veast cell, thereby 
preventing the coupling of the pantothenic acid moieties. 

The preparation of propionyl-6-alanine is described. 
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THE SYNTHESIS OF BACTERIAL VIRUSES* 


I THE SYNTHESIS OF NUCLEIC ACID AND PROTEIN IN ESCHERICHIA 
COLI B INFECTED WITH Tort BACTERIOPHAGE 


By SEYMOUR 8. COHEN 


(From the Children’s Hospital of Philadelphia (Department of Pediatrics) and the 
Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadel phia) 


(Received for publication, August 28, 1947) 


The Ter* and Tyr viruses are tadpole-shaped bacteriophages (1, 2) whose 
biological properties and relations to other bacteriophages have been re- 
viewed by Delbriick (3). The viruses have been isolated by differential 
centrifugation from bacterial lysates (2, 4, 5) and some chemical and physi- 
cal properties of the concentrates have been studied (6-8). 

About 40 per cent of desoxyribonucleic acid (DNA) has been found in 
preparations of the viruses (4, 7) and a salt of polymeric DNA has been iso- 
lated from active or irradiated Tor* and Tyr in high yield (9). Taylor has 
claimed that ribonucleic acid (RNA) is also present in variable amounts in 
Tart (7). This report has been analyzed elsewhere (9). We have been 
unable to find evidence for the existence of RNA in preparations of Ter* and 
Tyr*; at least 99 per cent of the P content of the viruses can be accounted 
for as DNA (4, 5,9). The data in this and the following study (5) show 
that cells infected with T.:r* do not appear to synthesize or metabolize RNA, , 
despite a rapid synthesis of DNA in these cells. It appears unlikely, there-~ 
fore, that RNA is a constituent of either virus. 

It has been observed in the Escherichia coli-T: systems that (1) the normal 
host cells synthesized far more RNA than DNA (7), (2) the virus contained 
large amounts of DNA and no RNA, and (3) during the multiplication of 
the virus, bacterial multiplication was inhibited without affecting the rate of 
O. consumption or the r.q. of the bacteria (4). The following questions 
were posed: (1) Which, if any, of the nucleic acids was synthesized after 
infection? (2) What happened to phosphorus and nitrogen assimilation 
during infection? 


Materials and Methods 


In the bacteriophage systems, independent host cells may be simultane- 
ously infected with several virus particles. Large numbers of infected host 
cells may thereby be studied, all in approximately the same phase of virus 


* The work described in this paper was assisted by the Office of Naval Research. 
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production. ‘The multiple infection technique provides a method of study 
of a single generation of virus multiplication. 

The r* Factor—According to Hershey (10) and Doermann (personal com- 
munication) these viruses possess the hereditary property termed r* which 
affects lysis as follows: In a dilute suspension of infected cells, essentially 
maximal liberation occurs in about 30 to 40 minutes. In a concentrated 
suspension, the first small percentage of infected cells that lyse liberate r+ 
Virus particles which are rapidly readsorbed to the other non-lysed cells, 
The adsorption of r* virus to a cell which already has r° virus within it in- 
hibits the lysis of the cell for 60 to 90 minutes more, permitting continuing 
virus multiplication within the lysis-inhibited cell. The phenomenon is of 
assistance technically, because larger amounts of new substance can accu- 
mulate in the extended period of multiplication within the host. The r+ 
characteristic may be lost by spontaneous mutation to produce an r virus 
which is not lysis-inhibitory. 

Preparation of Virus—The puritication of Tort from lysates in the am- 
monium lactate medium (IF) and nutrient broth (N) by differential centrifu- 
gation has been described (4). Most virus concentrates used in this study, 
whether derived from F or N, ¢.e. T2-F or T2-N, were purified by the differ- 
ential centrifugation procedure from lysates resulting from a single genera- 
tion of virus production under conditions of multiple infection (5). Varia- 
tions in the preparation of infecting virus did not appear to affect the course 
of the phenomena described below. Virus concentrates were suspended in 
0.85 per cent NaCl. Their assay has been described (8). 

Preparation of Ultraviolet-lrradiated Virus—Purified virus concentrates 
in 0.85 per cent NaCl were irradiated in the apparatus described and kindly 
loaned by Dr. W. Henle of this Hospital (11). The agitated virus solution 
was kept 2 inches from the lamp for 20 to 30 second periods to reduce the 
titer of active virus by a factor of 10° to 10°. 

Preparation of Normal and Infected Bacterta—The growth, assay, and 
turbidimetric standardization of the bacteria, Escherichia coli 1, from F 
medium and broth (N) have been described (8,12). In aerated F and N at 
37°, the division times in the logarithmic phase were 60 and close to 30 
minutes, respectively. In most experiments, the concentration of bacteria 
was about 2 X 10° per cc.; in studies involving protein synthesis, bacteria 
were grown to a concentration of 2 & 10° per ec., centrifuged, and resus- 
pended at a concentration of 10° per cc. At the desired bacterial concen- 
trations, virus was added to produce multiple infection; 7.¢., three to five 
virus particles per cell. Infected cultures were vigorously aerated. ‘The 
experiments were done in F medium unless otherwise stated. 

Analysis—Aliquots of the cultures were precipitated by the addition of 
50 per cent trichloroacetic acid (TCA) to givea final TCA concentration of 
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§ per cent. The mixture was chilled 15 to 30 minutes and centrifuged 10 
minutes at 4000 R.p.m. The supernatant fluids were poured off and the 
tubes were drained. ‘Two additional washings with cold 5 per cent TCA 
were used if the end-product was to be analyzed for phosphorus or nitrogen. 

Phosphorus was determined by the King procedure (13). Nitrogen was 
estimated by the micro-Kjeldahl method, with a | hour digestion in a 
H,SO4-heSO, mixture with CuSO, catalyst. 2 drops of 30 per cent 
H.O2 were then added and the digestion was continued for 1 hour. 

DNA was determined on the drained sediments by the diphenylamine 
procedure (14) in Klett colorimeter tubes. With bacterial substance corre- 
sponding to 1 to 2 & 10° bacteria, the heated mixtures gave colorimeter 
readings with a No. 540 filter of about 20 before infection to > 100 near the 
end of virus synthesis. The values of DNA are given in terms of free acid, 
since the standard sample of the neutralized DNA was standardized by its 
P content, the free acid (DNA) being considered to have 10.0 per cent P. 
The theoretical P content of a polymeric DNA consisting of repeated tetra- 
nucleotides is 9.97 per cent. 

Pentose was determined by the Mejbaum modification of the Bial reac- 
tion (15) on TCA precipitates. The pentose in pyrimidine nucleotides is 
not estimated by this procedure. The standard tor these estimations was 
p-ribose and the color was read in a Klett-Summerson photoelectrie colorim- 
eter with a No. 660 filter. Determinations on unsedimented samples rich 
in lactate developed green colors slightly modified by brown; nevertheless 
the relative constancy of these values indicated that pentose, including any 
non-RNA pentose, did not accumulate. The absence of a change in pentose 
during synthesis is considered to signify the constancy of RNA. The 
RNA content of Escherichia coli B was about 3 times the DNA con- 
tent (7). 

Substances The preparation of DNA has been described (8). b-Ribose 
had been prepared by the late Dr. P. A. Levene of the Rockefeller Institute. 
5-Methyltryptophan was generously supplied by the Winthrop Chemical 
Company. Parenamine is an acid hydrolysate of casein, supplemented by 
tryptophan, and was obtained from Frederick Stearns and Company. It 
was neutralized before use. L-Glutamic acid was a Merck product. 


EXPERIMENTAL 


Synthesis of NA in Infected Cells—A bacterial culture (200 ce. at 3.5 X 
10° cells per ce.) was divided into two portions, to one of which was added 
0.32 ec. of a Tor* concentrate with a titer of 3.1 & 10'' per ee. The turbidi- 
ties and the virus and bacterial contents of the suspensions were determined ; 
DNA was estimated in § ce. aliquots. The data on this experiment are pre- 
sented in Fig. 1. 
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In the uninfected culture the viable bacterial count, turbidity, and DNA 
increased exponentially for 3 hours. In other experiments of this type, the 
slope of the log turbidity-time curve was frequently less than that of the log 


viable count-time curve, indicating a decrease of the size of individual bac- 
teria during this period. In the infected culture, the count of bacteria 
capable of forming colonies fell to a very small value as virus was adsorbed. 
The number of infectious centers fell to the level of infected bacteria, 7.e. to 
about one-third of the original virus added, and remained constant for a 


4 7 £4xNormai 7 Bacteria 
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Fic. 1. Desoxyribonucleic acid (DNA) synthesis in normal and T-.r*-infeeted 
Escherichia colt Bin F medium. The ordinate represents 10° bacteria or virus par- 
ticles per ec., 0.01 mg. of DNA, or 10 units of turbidity. 


period. At 2 hours, virus appeared, becoming maximal at 5 hours (5). 
Despite the liberation of virus concomitant with the lysis of the host, tur- 
bidity remained roughly constant. A possible explanation appears to be 
that lysis of r* virus-infected cells, under the conditions given, begins with- 
out considerable fragmentation and, proteolysis being relatively weak, large 
fragments of cellular débris remain for many hours and scatter light. 

In the uninfected culture the turbidity and DNA almost doubled in the 
Ist hour. Inthe infected culture, during the same time period, there was no 
significant increase in turbidity, since only a few per cent of bacteria were 
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lysed, but the DNA content had more than tripled. The rate of DNA 
synthesis per infected cell in the Ist hour of the experiment was about 4 
times that of normal dividing cells. Therefore, despite the inhibition of 
bacterial multiplication, the synthesis of this virus constituent was mark- 
edly increased. It will be shown in Paper II that much of this newly 
synthesized DNA can be isolated in the virus (5). 

Effect of 5-Methyltryptophan on Nucleic Acid Synthesis—5-Methyltrypto- 
phan (5-MT) will inhibit T, or T; multiplication in this system without any 
effect on O2 consumption (16). The compound is inhibitory because of its 
competition with tryptophan at sites of protein synthesis (17). The inhibi- 
tory effect of 5-MT on virus synthesis is completely reversible on addition 
of tryptophan (18). 

At low bacterial concentration, 5 K 10-4 m 5-MT in F medium was in- 
variably inhibitory in the absence of added tryptophan. At about 2 « 10° 
bacteria per cc., the effect of 5-MT was more variable. Virus multiplica- 
tion after infection in the presence of 5-MT was inhibited for only 1 to 3 
hours. Furthermore, interruption of virus synthesis after it had begun was 
not always successful at these concentrations, and, when it occurred, seldom 
lasted more than 3 hour. Nevertheless, since 5-MT was a specific antime- 
tabolite for an essential protein constituent, it was of interest to determine 
whether the inhibition of protein synthesis affected DNA synthesis. It was 
found that bacteria infected with T, in the presence of 5-MT were incapable 
of synthesizing protein-bound DNA for several hours. A typical experi- 
ment is given in the following section. 

Absence of Synthesis of RN A in Infected Cells—Both DNA and RNA were 
followed in infected cells in the presence and absence of 5-MT. 1 minute 
before addition of virus 10 ec. of 5 X 10° m 5-MT in F medium were added 
to a 100 ce. aliquot of a bacterial culture. After infection, the turbidities 
were determined as well as the DNA and pentose contents of the TCA pre- 
cipitates. The results are given in Fig. 2. 

In normal cells, RNA was synthesized at a rapid rate (see pentose in Fig. 
3). However, throughout infection RNA was constant, in contrast to the 
stimulated synthesis of DNA. RNA was not synthesized in 5-MT-treated 
infected cells, even when there was inhibition of both virus multiplication 
and DNA synthesis. 

Nucleic Acid Synthesis in Cells Treated with Ultraviolet-Inactivated Virus— 
Ultraviolet-irradiated virus inhibited bacterial multiplication without 
change in the rate of O2 consumption or r.q., although virus was not being 
synthesized (4). It was of interest to know whether nucleic acid was syn- 
thesized under these conditions. To one of three aliquots of a bacterial 
culture was added a T. concentrate containing 5.6 * 10" active virus per 
cc. ‘To another was added the same amount of previously irradiated concen- 
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trate (active virus content of 10% per cc.). The data on the turbidity, 


DNA, and total pentose contents of the cultures are presented in Fig, 3. ? 
Aliquots of 8 and 2 cc. were used for the DNA and pentose determinations : 
respectively. 
b 
tl 
n 
| 
| 
p 
HRS.- 1 
hic. 2. DNA and pentose synthesis in -infeeted Escherichia coli Bin medium 
in the absence and presence of 5 * 10-*m 5-methyltryptophan. 
TURBIDITY 
180 | ] 18 
160 — 16 | 
| 
140 — 
Pe | 
120 — £9 
| 
100 Rg : B + 7 10 
Normal Irradiated T2 | n 
80 Bacteria 
: f 
wolf 4 
HRS-1 2 3 4 
htc. 3. DONA synthesis in a normal bacterial culture and in bacteria treated with y 
active or irradiated Ter”. 
f 
ln the normal bacteria, turbidity, DNA, and RNA increased throughout ; 
the experiment. In the bacteria infected with active virus, DNA increased ’ 
markedly, while pentose remained low. In bacteria treated with irradiated | 
virus, DNA synthesis was completely inhibited over a 2 hour period, during ; 
which time total pentose increasd slightly. The nature of the late DNA , 


increment in this experiment with irradiated virus is not understood. 
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Phosphorus Assimilation and DNA Synthesis—Phosphate assimilation 
in the protein-bound phosphate fraction in normal and infected bacteria 
was examined to see whether phosphorus-containing compounds besides 
DNA were being synthesized. Infected and normal cultures at 2 « 108 
bacteria and 10° T, per ec. were incubated for 2 hours. In this interval the 
turbidity of the infected culture increased only 10 per cent. The DNA, 
nitrogen, and phosphorus contents of protein-bound constituents are pre- 
sented in Table I. 

In the normal bacteria, one-quarter of the protein-bound phosphorus was 
DNA-P; the remainder was for the most part RNA-P, but also included 
small amounts of phospholipides (7). As the bacteria approached the end 
of their logarithmic phase after 2 hours, a slight decrease was observed in the 
proportion of phosphorus appearing in DNA. Nevertheless, the molar 


TABLE 
Synthesis in Normal and T2-Infected Escherichia coli B 


DNA-P Molar ratios, 
N:P 


Culture N per 50 cc. P per S0cc. DNAper 50 cc. Total P 
me. meg. meg. 
Bat Uhr. 0.333 0.0602 0.154 0.26 12.2 
2 hre. 1.229 0.2219 0.422 0.19 12.2 
Bs — Bo 0. 896 0.1617 0.268 O17 12.2 
B-T. at O hr. 0.307 0.0685 0.179 
0.430 0.1053 0.545 


0.123 0.0368 0.366 0.99 7.38 


N:P ratio was essentially unchanged in the culture throughout this period. 
Grossly, then, normal bacteria synthesized normal bacterial constituents in 
nearly the same proportions in which they were originally present. 

In infected bacteria, the increments of nitrogen and phosphorus were far 
less than in the normal dividing bacteria. However, the amount of DNA 
formed in infected cells was greater than that formed in 2 hours in the 
normal culture. The DNA in infected cells almost exactly accounted for 
the phosphorus assimilated by those cells. 

In this experiment the N:P ratio of the increment in the infected cells 
was 7.4, in contrast to 12.2 for normal cells. The former figure is the ratio 
characteristic of Tor which has been found to be 7.2 to 7.6 when isolated 
from F or N lysates. Thus the material synthesized in infected cells in a 
2 hour interval had the N:P and DNA-P:P ratio characteristic of Tort 
bacteriophage. 

Rates of DN A and Protein Synthesis— | appeared that virus-infected cells 
synthesized virus or virus components alone, in contrast to normal bacteria 
which synthesized several types of substances, such as nucleic acid, proteins, 
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and enzymes. Studies were undertaken to determine whether exponential lib 
increase of these constituents or some other types of growth curve character- | tie 
ize Virus reproduction in infected cells. The former, as described in Fig. 1, 
is characteristic of DNA in cells in a normal culture under the conditions mi 
employed. no 
Synthesis was first studied in the normal period of virus synthesis, the non- ut 
lysis-inhibited period. In atypical experiment, bacteria were concentrated H 
by centrifugation and resuspended in F medium. After infection with five  - 
virus particles per cell aliquots for total N and DNA analyses were removed sy 
at 5 minute intervals. The DNA increments were converted to nucleic 1») 
acid N by multiplying by the factor 0.169. Protein N was considered to be | to 
Wee. | tic 
| 
Py 
| 
MIN.- 5 10 15 20 25 | 
Fic. 4. DNA and protein synthesis in Escherichia coli B infected with Tor* virus 
before the onset of lysis inhibition. The ordinate presents increments over initial af 
values. 
total N minus DNA-N. The increments of both protein N and DNA-N | @ 
are presented in Fig. 4. The following points were observed: (1) The curves | a 
of synthesis of DNA and protein in infected cells were linear and not expo- pI 
nential; (2) protein synthesis started at the beginning of infection; (3) the 
increment in DNA appeared from 7 to 10 minutes after protein synthesis ul 
began; (4) if the increment in DNA wereconverted to an increment in P, the 01 
ratio of the rates of increment of N to P in the experiment in Fig. 4 was ct 
found to be 12.4, the value for normal bacteria. L 
The most active concentrate of T, studied had 1.6 & 10° infectious units I 
per microgram of DNA. In five experiments, DNA increments of 2.2 to es... 
2.6 y were obtained by 2 & 10% cells in 25 minutes, yielding an equivalent b 
of seventeen to twenty T, particles per cell in that interval. Since our most Pp 
active T, preparation probably contained some inactive virus, this repre- 
sents a minimal figure. Nevertheless, this agrees with the amount of T; ° 
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liberated from Escherichia coli B in F medium; 7.e., about twenty virus par- 
ticles per cell (18). 

In four experiments of this type the following ratios of the rates of inere- 
ment of N to P were obtained: 13.2, 12.6, 11.7, and 12.4. Therefore, in the 
non-lysis-inhibited system, 7.e. before 30 minutes, the ratio of the rates of 
utilization of N and P was approximately the same as in the normal cells. 
However, in four of five experiments in which these rates were determined 
over a 2 hour period in infected cells, it was observed that the rate of protein 
synthesis was sharply reduced between 30 and 50 minutes, while the rate of 
DNA synthesis was unchanged, as in Fig. 5. This effect was possibly due 
to lysis inhibition appearing soon after the first liberation of and readsorp- 
tion of r* virus. ‘Thus, after 30 minutes, the ratio of N to P continually de- 


Increment in Protein 
ana DNA in B-Te2 


j j j 
MIN- 20 40 60 680 90 100 120 140 1€0 


Fie. 5. DNA and protein synthesis in Ter*-infected Escherichia coli B before and 
after establishment of lysis inhibition. 


creased until it approached that of virus. At this point, occurring at about 
2 hours, synthesis of DNA abruptly stopped. At this time virus began to 
appear and a rapid decrease in TCA-precipitable N ensued, indicative of 
proteolysis accompanying bacteriolysis. 

Inhilntion of Protein Synthests by Irradiated Virus-—Ultraviolet irradia- 
tion reduced the activity of T, by a factor of 8.5 & 10%. Fully active T: 
or irradiated virus was added to bacterial cultures concentrated to 10° per 
cc. Aliquots were removed for N and DNA analysis at 0 and 120 minutes. 
Data on the N and DNA increments after 2 hours are presented in Table II. 
In the bacteria infected with active Ts, synthesis of DNA and protein oc- 
curred in the ratio approximating that of virus. On the other hand, the 
bacteria which adsorbed ultraviolet-inactivated virus did not increase their 
protein-bound N content after a 2 hour interval. 

Initiation of DNA Synthests—It has been demonstrated that DNA does 
not increase for 7 to 10 minutes after infection. Tour lines of evidence sug- 
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gest that this represented the time necessary for the synthesis of virus pep- 
tides as a prerequisite for IDNA synthesis. (1) Protein was synthesized 
from the beginning of infection. That this was indeed virus protein was 
suggested by the viral ratio of N to P at the end of the lysis-inhibited multi- 
plication. (2) DNA synthesis stopped when the excess of protein was 
markedly depleted as the final ratio approached that of virus. (3) 5-Meth- 


I] 
Inhibition of Protein Synthesis by Irradioted Virus + 


Culture Time DNA-P per ce. Molar ratio, N:P 
Ars. Y 

0 1.45 40.2 
2 6.00 56.5 

Increment! 4.58 16.3 7.80 
B-irradiated T. 1.56 1.4 
Increment 0.40 


RRS - 1 z 3 4 


hicg.6. DNA synthesis in Escherichia colt B ot the same origin infected in different 
media by Ter’. The ordinate presents increments over initial values. 


yitryptophan prevented protein synthesis and thereby prevented DNA 
synthesis. (4) It was possible to reduce the time for the beginning of DNA 
synthesis and increase the rate of DNA synthesis by increasing the rate of 
peptide synthesis. This was most clearly demonstrated by the following 
method. Hscherichia coli B was grown in broth, instead of in F medium. 
When this organism was transferred to F medium and washed in F, its 
synthetic abilities were much slower than F-grown organisms. Under these 
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conditions, infection in F medium resulted in an extended latent period of 
virus synthesis and DNA synthesis, with a low yield of virus, as compared 
to these functions in broth (19). 

Bacteria were grown in broth to 1.5 & 10° per ec., centrifuged, and 
wasked twice with F medium. The washed bacteria were suspended at 
their original concentration in broth, F, F + casein hydrolysate (1 mg. 
per cc.), or in F + glutamic acid at 200 y per cc., respectively, and infected 
with T,. From the DNA analyses presented in Fig. 6, it may be seen that 
the nutrient broth and amino acid-fortified F medium markedly stimulated 
DNA synthesis. Some of the difference in the rate of virus and DNA 
synthesis in these two media can be reduced by further supplementation 
with purines and pyrimidines (19). Glutamic acid was the most active 
single amino acid supplement. Hlowever, a mixture of amino acids was 
more efficacious in stimulating virus synthesis and DNA synthesis. 

Finally. a complete medium has been developed which supported a rate 
and amount of virus multiplication closely approximating that in nutrient 
broth (19). Omission of any one of eight amino acids from the complete 
defined medium consisting of F, L-amino acids, purines, and pyrimidines 
resulted in an extended latent period of IDNA synthesis. This procedure 
has been used to detect nutritional requirements for virus multiplication 


(12). 


DISCUSSION 


After infection, phosphate was apparently channeled into the formation 
of only that nucleic acid characteristic of virus, namely DNA. The site of 
the shunt in the pathways of nucleic acid synthesis producing this effect is 
clearly of utmost importance in understanding the precise nature of the 
parasitic process in this system. If ribose-5-phosphate was the precursor 
to both ribose-8-phosphate of RNA and desoxyribose phosphate of DNA, 
it is conceivable that inhibition of the formation of the ribose-3-phosphate 
could result in the increased formation of desoxyribose phosphate. Fur- 
thermore, since RNA is a common constituent of cellular structures such as 
mitochondria and microsomes, which are the sites of numerous enzymes, 
the inhibition of the formation of one element (RNA) of these complex 
structures may prevent the synthesis of the remaining components. 

In infected cells, the rates of synthesis of protein and DNA were constant 
regardless of the number of virus particles formed within the cell. It would 
therefore appear that the virus does not contain the enzymes for DNA or 
protein synthesis and that new enzymes have not been synthesized or, if 
synthesized, were not being used for virus synthesis. Thus the metabolic 
equipment which synthesizes the most complex virus components are the 
enzymes of Escherichia colt B, presumably according to the new models 
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supplied by the infecting virus particles. That this manner of virus synthe- 
sis may be general is supported by the fact of the intracellular character of 
virus multiplication and the data on the composition of various viruses 
infecting plants, animals, and bacteria, indicating limited structural and 
enzymatic equipment in these parasites (4, 9). 

A constant rate of synthesis in itself may merely indicate some limiting 
factor in the duplication process and does not eliminate the possibility of a 
“doubling” process. The limiting factor may be of the character of limita- 
tion of substrate, energy supply, or enzyme sites or combination of these. 
Regardless of the reason for the constant rate, three types of evidence sug- 
gest that the curve of the synthesis of protein-bound DNA is indeed a 
measure of the rate of virus synthesis. (1) Luriaand Latarjet have shown 
that a single hit ultraviolet inactivation curve is obtained for singly infected 
cells for the first 7 minutes after infection (20). After this time, which 
coincides closely with the beginning of an increase in DNA, there occurs a 
slight deformation in the curve which they interpret as “probably an indica- 
tion that some multiplication has started by this time.”’ (2) The amount of 
DNA synthesized by infected bacteria in F medium in 25 minutes approxi- 
mates the amount contained in the virus liberated from the bacteria at about 
this time. Similar correlations have been found for Escherichia colt-T» in 
other media (12). (3) The data of Doermann (personal communication) 
indicate that, in lysis-inhibited systems of varying latent periods, the burst 
size is roughly proportional to the length of the latent period. This suggests 
linear virus synthesis during these periods. His data are consistent with 
the continued linear synthesis of DNA during lysis inhibition noted above. 

The methods described in this paper have strongly suggested that (1) 
virus is synthesized from the components of the medium assimilated after 
infection, and (2) RNA is not synthesized in infected cells. Since by the 
methods described the possible turnover in compounds such as RNA cannot 
be measured, isotope techniques were employed to confirm these conclu- 
sions. Studies with radioactive phosphorus are presented in Paper IT (5). 


SUMMARY 


1. The synthesis of nucleic acid and protein has been studied in T, bac- 
teriophage-infected Escherichia coli B in simple medium, F. Ultraviolet- 
irradiated T; inhibited the synthesis of thes@ components, in contrast to the 
action of active virus. 

2. In infected cells, only the nucleic acid found in T,, DNA, was synthe- 
sized in contrast to normal cells which synthesized about 3 times as much 
RNA as DNA. In infected cells, essentially all the phosphorus going to 
form protein-bound constituents appears in DNA. 

3. 5-Methyltryptophan inhibited DNA synthesis in infected cells. 
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4, In infected cells, protein and DNA were synthesized at a constant rate 
in the period of normal virus multiplication, prior to the establishment of 
lysis inhibition. Protein synthesis was apparent from the beginning of 
infection; DNA began 7 to 10 minutes later. ‘The ratio of the rates of inere- 
ment of N and P utilization was similar to that of normal cells. 

5. The rate of protein synthesis decreased during the period of lysis in- 
hibition in most of the experiments. At the onset of the final lysis, the 
ratio of the increments in N and P approached that of virus. 

6. The length of the period of onset of DNA synthesis was determined by 


the rate of synthesis of virus peptides. 
7. Some aspects of these phenomena have been discussed. 
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THE SYNTHESIS OF BACTERIAL VIRUSES* 


I]. THE ORIGIN OF THE PHOSPHORUS FOUND IN THE DESOXYRIBO- 
NUCLEIC ACIDS OF THE T; AND T, BACTERIOPHAGES 
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It has been shown that Escherichia coli B infected by T, bacteriophage in 
a synthetic medium, I’, synthesizes protein-bound constituents containing 
phosphorus and nitrogen at a constant rate (1). Evidence was presented 
that suggests that the virus-infected cell synthesizes virus constituents 
solely. ‘This was most clearly indicated in the phosphorus metabolism, 
since the only phosphorylated protein-bound constituent synthesized in the 
infected cell was that characteristic of virus; z.¢., desoxyribonucleic acid 
(DNA). The ribonucleic acid (RNA) content of infected cells did not 
increase. 

Although the data presented suggested that the materials formed during 
infection were derived from the medium as in normal cells, it had not been 
proved that the nucleic acid phosphorus found in virus was not derived from 
cellular substance existing prior to infection, or had not been in normal host 
constituents during infection prior to appearance in virus. It seemed un- 
likely that the virus nucleic acid was derived from the host DNA, since sev- 
eral times more DNA was synthesized after infection than was originally 
present. However, it was possible that the RNA of the infected cell pos- 
sessed an active turnover yielding its phosphorus to DNA nucleotides, while 
the RNA was continually replaced with nucleotides whose phosphorus was 
derived from the medium. 

Two basie problems were therefore posed. (1) Was the DNA-P of virus 
derived from the phosphorus in the host prior to infection? (2) Was RNA 
a precursor of DNA? These hypotheses were tested by means of radio- 
active phosphorus, P*®. 


EXPERIMENTAL 


Conditions for Optimal Virus Yield—-A single generation of virus multipli- 
cation was studied under conditions of multiple infection. The possibility 
was therefore eliminated that the generations of virus produced after the 
first generation in a medium of known composition would be affected by the 


* The work described in this paper was aided by the Office of Naval Research. 
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appreciable amounts of complex products, radioactive and otherwise, liber- 
ated by lysed cells. Some of the chemical phenomena and basic biological 
aspects of this system have been described in Paper I (1). 

The yield of virus from infected cells under conditions of multiple infee- 
tion in the aerated F medium at 37° was studied at concentrations of 5 « 
107, 108, 2 K 10%, and 5 & 10° bacteria per ee. It was found that with both 
T., and T; maximal titers were obtained with 2 K 10° bacteria per cc. in 
about 4 to6 hours. After this time, titers generally decreased markedly, 
and to a greater extent in T, lysates than in T, lysates. This was due 
probably to a combination of several factors, readsorption to cellular débris, 
spontaneous thermal inactivation, surface denaturation, etc. In view of 
this marked loss of titer, it was considered desirable to prepare virus lysates 
by a single generation in infected cells for a 6 hour period, to minimize the 
destruction of virus activity. 

Distribution of DNA and Protein-Bound P in Ts and T; Lysates—Two 
types of experiments were done. (1) Bacteria were grown in media contain- 
ing radioactive P, washed several times, and infected in media containing 
non-radioactive P; (2) bacteria were grown in media free of P® and in- 
fected in the presence of P*. 

The following typical control experiments were performed to indicate 
whether (1) the experimental conditions employed would permit the isola- 
tion of sufficient virus for analytical purposes, (2) virus isolated by these 
procedures would be very low in inorganic P and otherwise possess the 
proper chemical properties, (3) the newly synthesized DNA appeared in the 
virus fraction. Bacteria were grown to 2 * 10° perce. in F medium. Two 
125 ec. aliquots were sedimented and the bacteria washed twice with 0.85 
per cent NaCl. Each aliquot was resuspended in 125 ec. portions of F me- 
dium to which were added an adsorption cofactor, 12 cc. of 5 & 10-3 m tryp- 
tophan in F (2). To these bacterial suspensions (A and ©) were added 
small volumes of purified concentrates of Tyrt-F and T.r*-F to give cultures 
T,A and T:C containing 6 * 10° virus particles per ec. The virus concen- 
trates were also added to unwashed bacterial cultures (B and D) in F me- 
dium at the same concentrations to yield T,B and T.D; B contained 5 X 
10-* m tryptophan. The four infected cultures were assayed periodically; 
the titers followed the course described previously. 

After 5 hours at 37°, the T; and T, lysates were stored for 13 hours at 4°. 
Very little inactivation occurred; the final titers were TsA 2.0 XK 10", 
T.B 4.0 & 10", T.-C 1.5 & 10", T,.D 1.5 & 10" active virus particles per 
ec. The lysates were analyzed for total protein-bound P and DNA (1). 
They were sedimented at 4000 r.p.m. for 30 minutes and the sediments were 
washed twice with cold 0.85 per cent NaCl. The supernatant fluids were 

sedimented at 10,000 r.p.m. for 2 hours, and the supernatant fluids from 
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this high speed centrifugation, containing more than 5 per cent of the 
activity of the lysate, were analyzed for protein-bound P and DNA. Virus 
was isolated from the high speed sediments as described previously (3, 4). 
The distribution of these substances in the four lysates is given in Table I. 

It may be seen that the largest amounts of DNA and P appear in the 
virus-containing fraction; 7.e., the high speed sediment. When this fraction 
was resuspended in 5 cc. of 0.85 per cent NaCl and centrifuged at 4000 
p.p.M. for 30 minutes, approximately 25 per cent of the DNA of the fraction 
had become insoluble. After dialysis of this supernatant fluid against 
running water overnight, the once sedimented virus concentrate had 
DNA-P to total P ratios which were very close to 1.0. These values for 
isolated dialyzed virus after one differential centrifugation cycle were 


I 
Distribution of Protein-Bound P and DNA in Lysates of Infected Bacteria 
: | | High speed | High speed 
Virus lysate Analyses Initial total Total lysate | 
| fluid taining virus 
T.A, 97 cc. | P 40 
| DNA | 0.213 | 1. 25 | 37 38 
T,.B, 105 | 0.141 0.263 19 | 2) | 60 
P 0.161 | 0.275 | 27 | 22 | 51 
0.148 0.260 | 33 17 50 


DNA (),221 1.36 35 16 49 


T,A 1.05, T,B 1.00, T,D 1.02. Thus the conditions described above yielded 
fractions with the characteristics of virus whose inorganic P contents were 
so low as to be undetectable. 

Infected cells may synthesize as much as 7 to 8 times as much DNA as 
was originally present. In many cases, at least 3 times as much DNA was 
isolated in the virus as was present in the bacteria at the onset of infection. 
It is considered probable that DNA formed after infection and not recov- 
ered in isolated virus was nevertheless originally part of the virus and was 
lost either by adsorption to débris or by becoming insoluble as a result of 
high speed centrifugation. No indication has been obtained in prepara- 
tions of either Teor? or Tyr* bacteriophage from F lysates that a phosphoryl- 
ated compound other than DNA is present in either virus. Furthermore, 
in contrast to the observations of Taylor (5), preparations of these viruses 
from nutrient broth lysates prepared from infected cells as described above 
also possessed DNA-P to total P ratios of 1.0 (6). Hence no evidence has 
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been obtained to confirm the report of Taylor that Tor* virus contains 
ribonucleic acid (5). It is considered possible that the method of isolating 
virus from 5 to 6 hour lysates described above assists in the removal in the 
low speed sediment of bacterial components containing RNA. Since pro- 
teolysis in r* systems is relatively weak, the prolonged period used by 
Hook ef al. (7) in the preparation of lysates may have assisted the degra- 
dation of bacterial débris to a size which would not sediment at a low speed 
but would at high speeds. Proteolysis in r* systems in F medium seems 
even less pronounced than in broth. 

Synthesis of Virus in Labeled Host Cells-—-Small inocula of bacteria were 
grown to 2 & 10° per ee. in 125 aliquots of F medium containing 0.02 to 0.05 
millicurie of P® in 13.7 mg. of inorganic phosphate. More than 99 per cent 


Il 


Radioactivity of Virus Isolated after Synthesis in P**-Labeled Cells in Media Free of P® 


DNA-P 

Virus isolated Total P Bacteria | Virus sienna 

in virus | host P 

counts per 10 y P per counts per 10 y P per Soil 

min. | min. 

T.r** 1.00 222 33 14 
Ter*tT 1.00 293 53.5 Is 
T,r** 1.01 37.8 5.9 16 
Tyr*t 1.06 293 53.3 1s 


* Virus to cell ratio 3.0. 
+ Virus to cell ratio 5.0. 


of the P of the bacteria was derived from the P of the medium. The cells 
were washed twice with 0.85 per cent NaCl. The second washing con- 
tained less than 0.1 per cent of the radioactivity of the original medium, as 
determined on a Geiger-Miiller counter, kindly loaned by Dr. H. D. Brun- 
ner of the Department of Pharmacology of the University of Pennsylvania. 

The radioactive cells were resuspended in 131 ce. of F medium containing 
2.5 K 10-'m tryptophan. Purified Tor* or Tyr* virus was added and the 
infected cultures were incubated for 5 hours and regularly assayed for virus 
during this interval. The lysates were stored at 4° overnight and virus was 
isolated as previously described. 

The DNA contents of the initial cultures, final lysates, and isolated virus 
were determined. The radioactivity of the virus was compared with the 
radioactivity of the uninfected host cell per unit weight of P. Samples of 
known P content were digested in 1.2 cc. of 60 per cent perchloric acid and 
diluted to 10 ce. after the solutions were neutralized to pH 4. The counting 
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chamber was filled by perfusion and held identical aliquots of slightly more 
than 3.cc. The background was determined between samples and yielded 
8 to 11 counts per minute. ‘This was subtracted from the count on the 
sample. Samples and the time of counting were adjusted to yield 100 to 
1000 counts. (Comparisons of samples were made at similar total counts. 

In Table II are presented data on four experiments of this type, in which 
the increments in IDNA in the infected bacteria and the yields of isolated 
virus were comparable to the data presented previously. The radioactivity 
of the virus isolated after synthesis under these conditions was far lower 
that the radioactivity of the host P. It has therefore been concluded that 
most of the P organized into virus is derived from the medium after in- 
fection. 


Tasue 
Radioactivity of Virus Synthesized in Unlabeled Cells in Media Containing P** 


DNA-P Relative Tadio ac- 


tivity, 
Virus isolated Total P Fk medium | Virus virus P 
in virus — 
counts per 10 y P per counts per 10 » P per 
sa" 1.04 | 443 | 315 71 
Tyr*t 1.00 840 633 75 


422 291 69 


* Virus to cell ratio 5.0. 
+ Virus to cell ratio 3.0. 


Synthests of Virus tn Unlabeled Host Cells in. Media Containing Radio- 
active Phosphate Bacteria were grown in the absence of radioactive P. 
Virus was added immediately after the addition of 0.02 to 0.05 millicurie of 
inorganic phosphate and tryptophan for the adsorption of Ty. The eul- 
tures were incubated, and the DNA increments, rates of virus liberation, 
and isolated virus were studied as described previously. 

In Table II are presented some data on experiments of this type. The 
radioactivity of the virus isolated after synthesis under these conditions was 
70 to 75 per cent of that of the morganic phosphate of the medium. These 
data confirm the previous conclusion that most of the P organized into 
virus is derived from the medium after infection. 

Nucleic Actd Turnover after Infection—Since the P®* added to the F me- 
dium Was assimilated in DNA after infection, the distribution of the radio- 
activity in the infected cell was studied. In a typical experiment bacteria 
were grown to 2 & 10° perce. in | liter of F medium. The cells were centri- 
fuged and resuspended in LOO ec. of F medium. To the culture were added 
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4.5 ec. of Tor* at 2.2 K 10" per cc. and 1.5 mg. of P in inorganic phosphate 
containing about 0.05 millicurie of P*. The infected culture was aerated 
vigorously at 37° for 1 hour. At zero time and at | hour, aliquots were 
analyzed for protein-bound P, DNA, and radioactivity. 

The counts per minute of the medium were 93 per microgram of P. In 
1 hour, the bacterial protein-bound P increased from 0.0109 mg. per ce. to 
0.0163 or 5.4 y per ce. Newly assimilated P had a radioactivity of 98 
counts per microgram. The DNA had increased from 24 to 72 y per ce., 
or the ratio of newly formed DNA to original DNA was 2:1. 

Following the removal of aliquots after 1 hour, the entire culture was pre- 
cipitated with 5 per cent trichloroacetic acid (TCA) and the sediment was 
washed twice in the centrifuge with TCA. The supernatant fluids were 
pooled. The sediment was washed twice with 95 per cent alcohol and twice 
with ether. These supernatant fluids were combined with lipide extracts 
prepared by three extractions of this sediment with boiling alcohol-ether 
(1:1). The pooled lipide extracts were taken to dryness in vacuo and dis- 
solved in 10 ec. of CHC]s. 

The dried lipide-free sediment was fractionated according to Schmidt and 
Thannhauser (8). It was incubated with 2 ec. of N KOH at 37° for 20 hours 
and chilled. To the solution containing a very slight flocculent precipitate 
were added 0.4 ec. of 6N HCl and 2 ce. of 5 percent TCA. After 30 minutes 
at 0°, the sediment, containing DNA, was removed by centrifugation and 
washed with several cc. of water. The DNA fraction was dissolved in 0.1 
N NaOH. The combined supernatant fluids were precipitated according 
to Delory (9); essentially no P was found in this sediment and this fraction 
was discarded. The supernatant fluid contained ribose-3-phosphate nu- 
cleotides and comprised the RNA fraction. 

Both the DNA and RNA fractions prepared above were analyzed for 
DNA. The former contained 6.9 mg. and the latter 0.6 mg. of DNA, ora 
total of 7.5 mg. of DNA was recovered. The total DNA content of the 
culture was 7.4 mg. Radioactivity measurements of the RNA fraction 
were corrected for the radioactivity of the DNA it contained. This com- 
prised 10 per cent of the P of this fraction. The radioactivities of the 
nucleic acid fractions are summarized in Table IV. 

One-half of the P in the RNA fraction consisted of ribose-3-phosphate 
nucleotides reactive in the Bial reaction (10). Pyrimidine nucleotides de- 
rived from RNA and comprising one-half of the total P would not be 
expected to react. Thus the RNA fraction with the exception of a small 
amount of DNA contained ribose nucleotides of the expected character- 
istics. 

It may be seen from Table IV that the newly synthesized DNA contained 
P of essentially similar radioactivity to that in the medium, while the RNA 
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fraction contained essentially no radioactive P. It may be concluded from 
this experiment and others which yielded the same result that not more 
than 2 per cent of the RNA could have been undergoing synthesis involving 
P of the medium. It is highly improbable that the turnover of this much 
RNA, if any synthesis actually occurred, could have produced the synthesis 
of the DNA found. ‘Therefore it appears that RNA nucleotides are not 
precursors to DNA synthesis in this system. 

Since special precautions were not taken to purify the nucleotides of the 
RNA fraction before estimating the radioactivity, it is possible that even 
the low radioactivity found (2 per cent) was due to some contaminant, and 
was not truly significant. In this experiment the lipide P was found to 
have a radioactivity of about 26 per cent of the P of the medium.  Repre- 
cipitation of phospholipide in the presence of carrier sphingomyelin derived 


TABLE 
Inclusion of Radioactive P into Nucleic Acids of Escherichia coli B Infected with 


| 
: “one | Total Protein-bound Lipide-free bacterial Counts per y P per Corrected counts per 
Nucleic acid | P residue | min. > P per _— 
| per cent | per cent 
DNA 48 13.8 | 60 | 90 
RNA 36.5 10.5 8.8 2 


DNA, counts corrected for presence of original bacterial DNA; RNA, counts cor- 
rected for presence of traces of DNA in RNA fraction. 


from beef lung readily reduced the radioactivity sufficiently to suggest the 
inactivity of the phospholipide fraction. 

Fractionation of Non-Protein P—I\t was not found possible to isolate or- 
ganic phosphate from the TCA supernatant fluids in this experiment, owing 
to the large excess of inorganic P of the medium. In another experiment, 
the bacteria were first sedimented to remove the inorganic P of the medium 
before fractionation. 10 ce. of TCA extract contained 66 y of organic P 
and 183 y of inorganic P. To this solution, adjusted to pH 8.3 with 
NH,OH, were added 1 cc. of 2.5 per cent CaCl and 2 ce. of a 0.5 per cent 
suspension of MgCO,;. After being chilled, the mixture was centrifuged and 
the sediment was discarded. The supernatant fluid was precipitated with 4 
volumes of alcohol and stored overnight in the ice box. The alcohol precipi- 
tate was placed in 3 ce. of water. It contained 44 y of organic P, of which 
ribose-5-phosphate in some form comprised 75 per cent of the total organic 
P of the fraction (10). The water-soluble fraction of the aleohol precipi- 
tate contained 16.5 y of pentose P in 25 y of organic P. The radioactivity 
per microgram of P of this fraction was 37 per cent of that of the inorganic 
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P of the medium. It is not known in what compounds the radioactivity 
resided. 


DISCUSSION 


It may be seen from the data presented in this paper that the hypotheses 
suggested in Paper I have been verified by means of the isotope technique. 
These are (1) that phosphorylated virus constituents are synthesized in the 
main from P assimilated from the medium after infection, and (2) that RNA 
after infection has a very low, if any, turnover rate, and is not a precursor 
of virus DNA. 

Nevertheless the radioactivity of the virus P was significantly different 
from that of the P of the medium. lt has been observed that a very small] 
amount of virus multiplication may occur in the absence of external P (11), 
Therefore it appears that some of the P of the host may be incorporated into 
virus. It is considered likely that this small amount of P is derived from 
the intracellular pool ef inorganic P or low molecular weight organie P 
which can equilibrate with P assimilated after infection. This intracellular 
metabolic pool would be used for the synthesis of DNA after infection and 
possibly even before the P assimilated after infection. Thus in short term 
experiments involving r strains the percentage of host P appearing in virus 
may conceivably be greater than that observed in these long term experi- 
ments with r* type virus. This remains to be tested. 

Many workers have found that protein and DNA syntheses are accom- 
panied by a vigorous RNA metabolism in a wide variety of tissues. In 
addition it has been reported that there is apparently a conversion of ribose 
nucleotides to desoxyribonucleotides in the early stages of cleavage of the 
fertilized sea-urchin egg (12). These data are ably reviewed by Brachet 
(13). Inthe system described in these papers, none of these phenomena are 
to be observed. It appears possible to study the precursors of DNA in this 
system uncomplicated by the metabolism of RNA. 


Lam indebted to Dr. Samuel Gurin of this University and Dr. M. Kamen 
of Washington University for their advice and assistance in the course of 
these studies. I] wish to thank Miss Catherine Fowler for her technical 
assistance. 


SUMMARY 


The preparation and properties of bacterial lysates after multiple infec- 
tion have been described. As a result certain isotope experiments requiring 
viral isolation could be performed. The distribution of the bacterial and 
viral components in these lysates has been studied. It has been found pos- 
sible to recover in a purified concentrate of virus much of the P assimilated 
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and the DNA synthesized after infection. The newly synthesized DNA 
greatly exceeded the starting DNA of the bacterial culture. 


With P* in the labeled host or labeled medium, the DNA of the virus 


has been found to be built in the main from the inorganic P of the medium. 
Ribonucleic acid was not a precursor in the synthesis of this DNA and was 
essentially inert in infected cells. 
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A SPECTROPHOTOMETRIC STUDY OF BLOOD GROUP 
A-SPECIFIC SUBSTANCE ISOLATED FROM 
HOG GASTRIC MUCOSA 


By GEORGE HOLZMAN* ann CARL NIEMANN 


(From the Gates and Crellin Laboratories of Chemistry,t California Institute 
of Technology, Pasadena) 


(Received for publication, January 12, 1948) 


The isolation from hog gastric mucosa of homogeneous preparations of the 
polysaccharide-amino acid complex possessing the ability to inhibit the 
jisoagglutination of human blood group A cells (1) has been hindered not 
only by difficulties of manipulation and the presence in gastric mucosa of 
substances having properties similar to those of blood group A-specifie sub- 
stance, but also by the fact that direct tests for determining the homo- 
geneity of the product are often insensitive and unreliable. In the past the 
eficacy of procedures used for the isolation and purification of group A 
substance have been evaluated by serological tests and in a few instances 
by ultracentrifugal analysis (2), electrophoretic analysis (3), total nitrogen 
content (3), apparent N-acetyl-p-glucosamine content (4), optical rotation 
(3), and viscosity (3). Since we had at hand a large number of preparations 
of group A substance obtained from hog gastric mucosa by a variety of 
methods (5), it was thought advisable to determine to what extent ultra- 
violet spectrophotometry could be used for the evaluation of these prepara- 
tions. In addition such a study would also serve to indicate the importance 
of the aromatic amino acids as structural elements of group A substance. 

The ultraviolet absorption spectra of group O, A, and B substances 
from human urine and of group A substance from hog gastric mucosa, 
isolated by Freudenberg (6), were first studied by Gréh, Szélyes, and 
Weltner (7) and later in greater detail by Weltner (8). These investigators 
reported that in neutral aqueous solution all of the blood group-specific 
substances showed weak selective absorption in the region 270 to 290 mg, 
and their results indicated that the purification of group A substance, 
obtained from hog gastric mucosa, caused the extinction to increase 
throughout the ultraviolet region, since it was reported that a ‘“‘purified”’ 
preparation and a “highly purified”? preparation showed extinction coeffi- 
cients of Ej’, at 280 mu of 1.8 and 2.8, respectively. We have been 
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unable to confirm these results and in fact have observed that preparations 
of group A substance with greatly enhanced potencies, when compared with 
starting materials and intermediates, show little absorption in the ultra- 
violet. Tlowever, ultraviolet spectrophotometry is particularly useful for 
the detection of certain impurities that may be present in preparations of 
the blood group-specific substances. 


EXPERIMENTAL 

Absorption Spectra~ Optical densities for 1 cm. of solution at 25° were 
determined with a Beckman model DU spectrophotometer equipped with 
quartz cells at every 3 mu from 220 to 270 my, every 5 mu from 270 to 300 
mu, and every 10 mz trom 300 to 350 my. Additional observations were 
made when the maxima were displaced from the usual 260 mu region. The 
spectra for all solutions were corrected for absorption due to solvent (cit- 
rate-phosphate buffer), which was important below 240 mu. Extinction 
coefficients, were calculated from the usual relation, = 
(logy Jy 1) ed, where d is the cell thickness and ¢ the concentration of solute 
in gm. per 100 mi. of solution. 

Group A Substance Solutions hose group A substance preparations 
which were used and not described previously (4, 5) are described in Table 
[. The solutions were prepared by dissolving the preparations in distilled 
water, taking 10 ml. aliquots, and adding 1 ml. of Mellvaine’s citrate- 
phosphate buffer, pH 7.0. The pH of the resulting mixtures was 7.20 + 
0.05 and the concentration of group A substance 300 to 380 7 per ml. In 
a few instances, where indicated, solutions were prepared similarly at pH 
6.30 + 0.05 and pH 8.05 + 0.05 by means of MelIlvaine’s buffers. The 
final citric acid and disodium phosphate concentrations at pH 6.3, 7.2, and 
8.0 were, respectively, 0.0034 mM M 0.0016 
NaeHPO,, and 0.004 mM Hy M 

Serological Tests-—The inhibition of the isoagglutination test (4) and the 
inhibition of the hemolysis test (5) have been described previously. The 
activities of many of the preparations used in this study were reported in 
the above papers. | 

RESULTS AND DISCUSSION 

(;roup A substance preparations dissolved in distilled water generally 
give clear or slightly opalescent solutions. These solutions are colorless 
when prepared from undegraded preparations and faintly yellow when 
degraded preparations are used. The solutions show deviations from 


Beer’s law, since the extinction coefficients at a given wave-length and pH 
increase upon dilution.’ The extinction values also vary with pH and 


' Unpublished experiments. 
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| generally increase in the region 220 to 350 my with decreasing pH.* The 4 
extinction curves of solutions of pH 6 to 8 are not altered upon standing 4 

and the observed stability of solutions in this pH range is in agreement with 

observations made elsewhere by independent methods (3, 9). The in- 

erease in absorption of alkaline solutions of group A substance observed 

by Weltner (8) is probably due to the lability of group A substance under 
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Fig. |. Extinetion curves of fractions isolated from hog gastric mucin by fractiona- 
tion with ethanol. Curve 1, Fraction C-123; Curve 2, Fraction C-125; Curve 3, Frac- 
tion C-128; Curve 4, Fraction C-142; Curve 5, Fraction C-135: Curve 6, Fraction 
('-143 


such conditions (3). In view of the dependence of absorption upon pH 
and group A substance concentration, the spectra of all preparations were 
| measured at pH! 7.2 and at similar concentrations of group A substance. 
Typical extinction curves are presented in Figs. | to 6, and in Table I the 
serological properties and the extinction values at 260 and 350 my of many 
) preparations are summarized. 
Extinction Curves of Preparations from Hog Gastric Mucin-—-Commercial 
? The change in extinction values with pH may have a contributing factor due to 


the difference in salt concentration in the various buffer solutions. Other results 
indicate that ionic strength also influences spectra. 
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Spectral and Serological Properties of Fractions Isolated from Hog 
Gastric Mucin, Pepsin, and Individual Hog Stomach Linings 


Procedure 


mucin fractionated with 
ethanol after centrifug- 
ing (Sharples) twice at 
pli 4.4 


| 


| 


Aqueous suspension of © 


Fraction 
No. 


C-125 
C-123 
C-128 
C-135 


| C-142 


Aleohol fractionation of © 


mucin, procedure of 
Landsteiner and Harte 
(2) 


Alcohol fractionation of 
centrifuged 90% phenol 
solution of mucin (3) by 


electrodialysis and alco-— 


hol fractionation 
Sodium sulfate fraction- 

ation of aqueous centri- 

fuged suspension of 


mucin (3), followed by | 


electrodialysis 

electrodialysis of product 
of aleohol fractionation 
of mucin, Fraction R5- 

Treatment of products of 
alcohol fractionation of 
mucin with ex- 
change resins 


C-143 

R4-F2 
R4-F3 
R4-F4 
R5-F2 
R5-F3 


C-52 


C-59 
C-61 


R2-F2A 
R2-F2B 
R2-F2C 


R8-F1 
RS-F2B 


C©-110 
C-165 
C-167 


—C-168 


Treatment of product of | 
aleoho!l fractionation of | 


mucin with 
HCN (2) 
Treatment of product of 


at 150° (2) 


papain- | 


RG6-FSA 


~R7-F5A 
alcohol fractionation of | 

mucin with formamide | 


Alkaline digestion of mu- | 


cin, followed by selec-— 


tive 
precipitation (18) 


adsorption and | 


TABLE I 


| 
| 
260 | 350 | 


— tm 
Se 


W bo 


BLOOD GROUP A-SPECIFIC SUBSTANCE 


Inhibition of 
isOagglutination 
titer, microliters 
group B serum 
neutralized per 


| 
| 


microgram 
substance 
45 + 15 
40 + 15 
75 + 20 
45 + 15 
45 + 15 
So + 20 
30 + 10 
SO + 20 
QO. + 0.05 
20 + 10 
85 + 20 
50 + 15 
90 + 30 
50 + 15 
45 + 15 
50 + 15 
50 + 15 
60 + 2 
50 + 15 
25 + 10 
10 + 5 
30 + 10 


Inhibition of 
_ hemolysis titer, 
| micrograms substance 
_ jnbibiting 50 per cent 


hemol ysis 
0.18 + 0.01 
0.24 + 0.01 
0.11 + 0.00 
0.18 + 0.02 
0.24 + 0.00 
0.11 + 0.01 
0.12 + 0.01 
0.11 + 0.01 
0.13 + 0.01 
O.11 + 0.01 
0.20 + 0.02 
0.20 + 0.02 
0.21 + 0.02 
0.070 + 0.005 
0.10 + 0.01 
0.05 + 0.005 


0.065 + 0.01 
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TABLE [—Concluded 


| | Inhibition of 
| icm. |  isoagglutination Inhibition of 
| 260 | 350 | cent 
| | substance 
Alcohol fractionation of C-22 | 5.0 0.3 70 )0=—6t 15 0.050 + 0.005 
Wilson pepsin (19) | | | | | 
Autolysis of Wilson pep- C-26 | 3.71 0.4) 35 0.040 + 0.005 
sin, followed by alcohol | | 
fractionation (2) | | | 
Peptic digestion of indi- H1-F3 | 3.6 0.3 <0.06 >175 
vidual hog stomach lin-  H2-Fl = 4.7.0.3 90 + 30 0.080 + 0.005 
ings, followed by 2aleo- H2-F3 2.90.2 0.5 + 0.2 0.60 + 0.05 
hol precipitations (21)* | H3-Fl | 7.3.0.3 75 + 20 0.13 + 0.01 
| | 4.40.2 2 + 1 0.70 + 0.05 
H4-F1 9.6 0.3 <0.06 >175 


Fraction C-52, material insoluble in 10 per cent (by volume) ethanol; dialyzed. 
Fraction C-59, soluble in 47 per cent (by volume) ethanol and insoluble in 62 per cent 
(by volume) ethanol on fractionation of clear supernatant obtained on electrodialysis 
of Fraction C-52; dialyzed. Fraction C-61, insoluble in 47 per cent (by volume) 
ethanol on fractionation of clear supernatant obtained on electrodialysis of Fraction 
C-52. Fraction R2-F2A, insoluble in 30 per cent sodium sulfate; precipitate electro- 
dialyzed; material from supernatant. Fraction R2-F2B, aqueous washings of Frac- 
tionR2-F2C. Fraction R2-F2C precipitate obtained on electrodialysis of 30 per cent 
sodium sulfate precipitate. Fraction C-110, material soluble in 30 per cent (by 
volume) ethanol but insoluble in 65 per cent (by volume) ethanol from centrifuged 
mucinsuspension. Uponreprecipitation insoluble in 45 per cent (by volume) ethanol ; 
electrodialyzed. Fraction C-165, Fraction C-110 treated twice with alkali-washed 
Amberlite IR-4 resin. Fraction C-167, Fraction C-110 treated twice with alkali- 
washed De-Acidite resin. Fraction C-168, material soluble in 45 per cent (by volume ) 
ethanol and insoluble in 65 per cent (by volume) ethanol from centrifuged suspension, 
dialyzed, and then treated twice with alkali-washed De-Acidite resin. Fraction 
H1-F3, soluble in water and insoluble in 71 per cent (by volume) ethanol. Fraction 
H2-F1, soluble in water and insoluble in 63 per cent (by volume) ethanol. Fraction 
H2-F3, soluble in 63 per cent (by volume) ethanol and insoluble in 74 per cent (by 
volume) ethanol. Fraction H3-F1, soluble in water and insoluble in 63 per cent (by 
volume) ethanol. Fraction H3-F2, soluble in 63 per cent (by volume) ethanol and 
insoluble in 71 per cent (by volume) ethanol. Fraction H4-F1, soluble in water and 
insoluble in 71 per cent (by volume) ethanol. 

* Extinction curves were measured on solutions containing about 900 y of com- 
pound per ml. rather than the usual 300 to 350 +. 


hog gastric mucin,* centrifuged free of inactive water-insoluble material, 
shows strong selective absorption in the ultraviolet at 260 my (Fraction 
C-135, Fig. 1) and appreciable apparent absorption even at 350 mp. The 
latter absorption is due to light scattering, since mucin is visibly turbid and 


? Wilson hog gastric mucin granules, item No. 443. 


| 

pinks 
wd 
| 
} 4 
| 
| 


310 BLOOD GROUP A-SPECIFIC SUBSTANCE 


the apparent absorption extends far into the visible region where specific 
absorption is unlikely. The absorption above 330 my possesses a fairly 
constant Rayleigh coefficient of 2.5 to 3.5 over a considerable wave-length 
range, which presumably is typical for non-specific absorption (10, 11), 
The material absorbing at 260 my in mucin (‘260 mu component’’) is non- 
dialyzable, as may be seen from the data obtained with Fraction C-125. 

The “260 my component” has not been adequately characterized, since 
it appears to be associated with the inactive or less active preparations 
isolated from mucin. The presence of nucleic acid is suggested by the 
wave-length of maximum absorption (12, 13), and Bray, Henry, and Stacey 
(14) have recently reported that mucin may contain nucleic acid of mixed 
ribose and desoxyribose type. However, preparations (0.04 per cent solu- 
tions) containing the ‘260 mp component” did not give the Dische cysteine 
test (15) for desoxypentose. Weakly positive orcinol tests for pentose 
(16) were observed, but these results may not be significant, since hexoses, 
which are abundantly present in mucin, also are known to give weak orcinol 
tests (17). The “260 mu component” cannot be removed by high speed 
centrifugation, since after centrifuging at 16,000 R.p.m. for 30 minutes 
(40,0009) the specific absorption remains. A slight decrease in extinction 
occurs throughout the ultraviolet owing to the separation of « small amount 
of suspended material and the resulting clarification of the solutions. — Pre- 
liminary experiments indicate that the “260 my component” can be modi- 
fied readily by heating with acid, alkali, or by the action of oxidizing agents 
such as hypoiodite. 

When an aqueous centrifuged mucin solution is fractionated with ethanol 
(2), the more active fractions which are soluble in 40 per cent ethanol and 
insoluble in 60 to 65 per cent ethanol always show considerably less absorp- 
tion throughout the ultraviolet region than the original mucin solution 
(Fractions C-128 and C-143, Fig. 1; Fractions R4-F3 and R5-F3, Fig. 2). 
Although the “260 mp component”’ is concentrated in the fractions insoluble 
in 40 per cent ethanol (Fractions C-123 and C-142, Fig. 1; Fractions R4-F2, 
and R5-F2, Fig. 2), those soluble in 40 per cent ethanol and insoluble in 
60 to 65 per cent ethanol still contain significant amounts of the “260 my 
component” (E\%, = 5 to 6). The sensitivity and usefulness of the 
spectrophotometric method muy be appreciated by the fact that while the 
above four more active fractions have essentially the same serological 
activity their extinction curves differ significantly. A new component is 
detectable in the fraction soluble in 60 to 65 per cent ethanol, since absorp- 
tion occurs maximally in this case at about 270 my (Fraction R4-F4, Fig. 2). 
This fraction, which possesses essentially no serological activity, contains 
considerable quantities of free amino acids, and in one instance about 2 per 
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cent of amino acid nitrogen was detectable by the Van Slyke manometric 
method. 

The products isolated from hog gastric mucin by Morgan and King (3) 
by 90 per cent phenol extraction followed by precipitation with ethanol or 
by aqueous extraction followed by precipitation with sodium sulfate were 
not distinguishable by «a number of different tests including serological 
activity, elementary analysis, optical rotation, or viscosity. However, we 


\ 
\ 


250 2390 


Fie. 2. Extinetion curves of fractions isolated from hog gastric mucin by fractiona- 
tion with ethanol. Curve 1, Fraction R4-F4; Curve 2, Fraction R4-F2; Curve 3, 
Fraction R4-F3; Curve 4, Fraction R5-F2; Curve 5, Fraction R5-F3. 


have found that the extinction curves of fractions of group .\ substance pre- 
pared according to these procedures differ markedly and that the product 
from the phenol-ethanol procedure contains considerably greater amounts 
of the “260 my component” (Fraction C-52, Fig. 3) than the group A sub- 
stance isolated either by ethanol or sodium sulfate fractionation (Fraction 
R2-F2A, Pig. 3)4 It was reported earlier (5) that group A substance frac- 

‘The product isolated by the sodium sulfate procedure of Morgan and King (3) 
would be represented by an extinction curve roughly intermediate between Fractions 
R2-F2A and R2-F2C (Fig. 3). sinee the Morgan and King product was fractionated 
further as discussed above. 
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tions obtained by ethanol, sodium sulfate, or phenol-ethanol fractionation 
could be shown to be heterogeneous by electrodialysis. 
separated in the cell during electrodialysis, leaving a fairly clear superna- 
tant. ‘The residue and the material in the supernatant possessed approx. 
imately the same equivalent N-acetylglucosamine content and the same 
inhibition of isoagglutination activity. 


Solid materia] 


In the more precise inhibition of 
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Fic.3. Extinetion curves of fractions isolated from hog gastric mucin by fractiona- 
tion with sodium sulfate followed by electrodialysis (left-hand) and with phenol- 
ethanol (right-hand). Curve 1, Fraction R2-F2C; Curve 2, Fraction R2-F2B; Curve 
3, Fraction R2-F2A; Curve 4, Fraction C-52; Curve 5, Fraction C-61; Curve 6, Frae- 
tion C-59. 


hemolysis test the material in the supernatant appeared to be 20 to 25 per 
cent more active than the residue. While these two fractions are similar 
by the above criteria, they differ substantially in their spectral properties. 
The solid disperses in water to give quite turbid solutions, while the material 
in the supernatant yields only slightly turbid solutions. The latter solu- 
tion, of course, scatters considerably less light in the ultraviolet, as may be 
seen from the extinction in the region 300 to 350 mu. In Pig. 3, Fractions 
R2-F2A, R2-F2B, and R2-F2C are, respectively, the material in the super- 
natant, a washing of the residue, and the residue. Fractions R8-F1 and 
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R8-F2B (Fig. 4) are, respectively, the supernatant material and the residue 
obtained on electrodialysis of Fraction R5-F3 which was prepared by the 
ethanol fractionation of mucin. Fractions C-59 and C-61 (Fig. 3) are the 
soluble materials obtained on electrodialysis of the product of phenol- 
ethanol fractionation, Fraction C-52. Fractions C-59 and C-61 differ in 
that the former is soluble in 47 per cent ethanol and insoluble in 60 per cent 
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Fic. 4. Extinction curves of fractions isolated from hog gastrie mucin by fractiona- 
tion with ethanol followed by electrodialysis (left-hand) and by treatment with ton 
exchange resins (right-hand). Curve 1, Fraction R5-F3; Curve 2, Fraction RS-F2B; 
Curve 3, Fraction RS-F1; Curve 4, Fraction C-110; Curve 5, Fraction C-165; Curve 6, 
Fraction C-167; Curve 7, Fraction C-16S. 


ethanol, while the latter is insoluble in 47 per cent ethanol. In every 
case the soluble materials, which are more active serologically than the 
less soluble, or the parent, substances, show decreased absorption in the 
ultraviolet. This appears to be due to the fact that light-scattering 
components are concentrated in the residue and also because the ‘260 
Mu component” occurs to a greater extent in the less soluble fractions. 

A study has been made in this laboratory® of the use of ion exchange 


Unpublished experiments of L. Bennett. 
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resins for the preparation of group A substance from hog gastric mucin. 
Preparations comparable in activity to those isolated by other procedures 
were obtained in this way. Fraction C-168 (Fig. 4) which exhibits weak 
absorption in the ultraviolet was obtained by treating a 60 per cent ethanol 
precipitate from mucin twice with base-treated De-Acidite.© The 40 per 
cent ethanol precipitate, which contains considerable quantities of the 
“260 mz component”’ (Fraction C-110), can be transformed to a fraction 
showing weak absorption at 260 my by treatment with base-treated De- 
Acidite (Fraction C-167, Fig. 4). Treatment of Fraction C-110 with bage- 
treated Amberlite IR-4 resin,’ a resin of similar type, is ineffective, however, 
in removing the “260 mu component” (Fraction C-165, Fig. 4). 

Group A substance is known to be degraded under a variety of conditions; 
e.g., by heating with formamide at 150° (2, 3), by digestion with papain- 
HCN (2), and by treatment with alkali (3, 9). Degradation is usually 
associated with a decrease in activity in the isoagglutination test and no 
change or an increase in activity in the hemolysis test. It was of interest 
to determine the extent to which the spectral properties of preparations of 
group A substance were altered by degradation. Typical curves are shown 
in Fig. 5. All of the degraded preparations show very little absorption in 
the ultraviolet and, as a consequence of the clarity of the aqueous solutions, 
low extinction values are observed in the 300 to 350 my range. Fraction 
R6-F5A was obtained from Fraction R4-F3 by papain-HCN digestion (2), 
Fraction R7-F5A by heating Fraction R5-F3 with formamide at 150° (2), 
and Fraction (-47 by preliminary digestion with 2 per cent sodium carbon- 
ate at 70°, followed by adsorption and precipitation according to the pro- 
cedure of Meyer, Smyth, and Palmer (18). 

Extinction Curves of Preparations from Hog Pepsin Extinction curves 
for fractions isolated by the procedure of Landsteiner and Chase (19), 
Fraction C-22, and by the procedure of Landsteiner and Harte (2), Fraction 
(‘-26, from Wilson pepsin are given in Fig. 5. Unlike the active prepara- 
tions from hog gastric mucin, the preparations obtained from pepsin show 
specific absorption in the region 270 my, which may be due to components 
derivable from the large quantities of protein present in the starting mate- 
rial. While these fractions are among the most active in the hemolysis test 
that have been isolated so far from hog stomach sources, evidence has been 
presented previously (5) which suggests that these preparations may be in 
fact partially degraded. The extinction curves would indicate that, despite 
their high potency in the hemolysis test, they contain contaminants or 
artifacts produced in the course of isolation which absorb at 270 mu. Puri- 


* The Permutit Company, New York. 
7 The Resinous Products and Chemical Company, Philadelphia, Pennsylvania. 
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fied preparations from hog gastric mucin show considerably less absorption 
in the ultraviolet. 

Extinction Curves of Preparations from Individual Hog Stomach Linings— 
Witebsky (20) reported that only 40 per cent of the hogs examined have the 
specific blood group A factor in their stomach linings. It was later reported 
by Bendich, Kabat, and Bezer (21) that hog stomach linings may be differ- 
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Fig. 5. Extinetion curves of fractions isolated from hog gastric mucin by degrada- 
tive procedures (left-hand) and from Wilson pepsin (right-hand). Curve 1, Fraction 
R5-F3; Curve 2, Fraction R4-F3; Curve 3, Fraction R7-F5A; Curve 4, Fraction C-47; 
Curve 5, Fraction R6-F5A; Curve 6, Fraction C-22: Curve 7, Fraction C-26. 


entiated into those possessing the group A factor and those having a similar 
but ineffective mucoid. The latter material was shown by Aminoff, Mor- 
gan, and Watkins (22) to possess properties of blood group © substance. 
Hog gastric mucin, being a pool of stomachs of many hogs, was shown to 
contain both group A and O substances. It was of interest to compare the 
spectral properties of the group A substance derived from individual hog 
stomach linings with those isolated from hog mucin. Accordingly, parti- 
ally purified fractions were isolated from individual hog stomach linings by 


« 
453 
& 
4 
4°. 
« a 
? of 


| 
| 
| 
| 
) 


316 BLOOD GROUP 


A-SPECIFIC SUBSTANCE 


peptic digestion (21), followed by alcohol fractionation. The extinction 
curves for these preparations are shown in Fig. 6 and their serological prop- 
erties in Table I. Hogs | and 4 gave inactive products, presumably group 
O substance, while Hogs 2 and 3 possessed group A-specific material. The 
activities of the more potent preparations were of about the same order of 
magnitude as those obtained from mucin and pepsin. However, all of the 


1% 
4 
270 310 270 310 
mp. 


Fic. 6. Extinction curves of fractions isolated from individual hog stomach linings 
by fractionation with ethanol. Curve 1, Fraction H3-F1; Curve 2, Fraction H3-F2; 
Curve 3, Fraction H2-F1; Curve 4, Fraction H2-F3; Curve 5, Fraction H1-F3; Curve 
6, Fraction H4-F1. 


preparations showed considerably more specitic absorption in the region 
260 to 270 my than did comparable preparations derived from hog gastric 
mucin. While spectra of materials not possessing group A activity, Frae- 
tions H1-F3 and H4-F 1, resemble those possessing group A activity, Frae- 
tions H2-F1 and H3-F1, it should be emphasized that specific absorption 
in the 260 my region is to be associated with the presence of inactive non- 
blood group-specific components. 

Fractions H2-F3 and H3-F2 represent fractions not previously observed 
as arising from the fractionation of hog gastric mucosa. These fractions 
are soluble in 60 per cent ethanol and insoluble in 72 per cent ethanol and 
have little activity when compared to the fractions insoluble in 60 per cent 
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ethanol (Fractions H2-F 1 and H3-F1). However, the relative potencies 
of Fractions H2-F3 and H3-F2 when compared with hog gastric mucin are 
about 10 to 20 times greater in the hemolysis test than in the isoagglutina- 
tion test, a behavior similar to that observed for degraded preparations from 
mucin (2,3, 5). Undegraded preparations from mucin have approximately 
equivalent relative activities in these tests. The degraded character of 
group A substance isolated from pepsin has been previously recognized (5), 
but the possibility of degradation of group A substance in the peptic diges- 
tion of hog stomach linings has not been appreciated. 

Maximum Tyrosine and Tryptophan Content of Preparations of Group A 
Substance-—The tyrosine or tryptophan content of group A substance prep- 
arations can be calculated by ascribing the net absorption at 280 mu en- 
tirely to either tyrosine or tryptophan.*’ — It is necessary to apply a correc- 
tion for non-specific absorption (24, 25), and if this correction is applied 
throughout the ultraviolet region, then the more potent preparations which 
show low plateaus in the region 260 to 280 my possess extinction curves 
which have small maxima between 270 to 280 mu. The maximum trypto- 
phan and tyrosine contents of both Fractions R6-F5A and C-47, which are 
among the most transparent in the ultraviolet, were calculated in this way 
to be 0.1 and 0.4 per cent, respectively. Undegraded preparations with less 
transparency would have correspondingly higher values, 7.e., 0.2 to 0.3 per 
cent tryptophan and 0.8 to 1.2 per cent tyrosine. These maximum esti- 
mates would of course be lower if both amino acids were present. While 
these preparations are probably not pure, it seems certain that tyrosine and 
tryptophan, if indeed present in group A substance, are among the least 
abundant amino acids. The above results are consistent with the observa- 
tion that qualitative tests for the aromatic amino acids in group A substance 
are generally weak or negative (2) and with the sole quantitative result of 
Brand and Saidel (27) to the effect that a preparation of group A substance 


obtained from hog gastric mucin by the phenol procedure contained 0.3 per . 


cent tyrosine and 0.2 per cent tryptophan. 
SUMMARY 


A study of the ultraviolet absorption spectra of preparations of blood 
group A-specific substance isolated from hog gastric mucin supports the 


phosphate-citrate buffer at pI1 7.2. Phenylalanine shows weak absorption at 255 mz, 
and histidine shows specific absorption only below 240 my. Sugars would be 
expected to absorb only below 230 my (13, 23). 

* Since group A substance preparations absorb weakly in the ultraviolet and be- 
cause tyrosine and tryptophan possess similar absorption spectra under the test con- 
ditions, it is difficult to determine tyrosine and tryptophan simultaneously as has 
been done previously (24-26). The procedure of measuring absorption in alkaline 
solution which allows considerable differentiation in the tyrosine and tryptophan 
spectra is inapplicable due to the lability of group A substance under these conditions. 


for tyrosine and tryptophan at 280 my are 69 and 278, respectively, in 


+ 


RE, 
a 
+3 
‘ae 
é 


318 BLOOD GROUP A-SPECIFIC SUBSTANCE 


view that group A substance, and probably group O substance, has little 
specific absorption in this spectral region and that other components 
account for most if not all of the specific absorption noted in the case of 
impure preparations. However, ultraviolet spectrophotometric analyses 
have been found to be particularly useful in following changes in composi- 
tion brought about by the fractionation of group A substance preparations 
obtained from hog gastric mucin as well as in comparing preparations jso- 
lated by different methods and from different sources. Such analyses have 
also indicated that tyrosine and tryptophan, if indeed present in group A 
substance, are but minor constituents. 
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FOLIC ACID ACTIVITY IN HOMOGENATES OF RAT LIVER* 
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(From the Department of Biochemistry, College of Agriculture 
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| It has been demonstrated that homogenates of rat liver increase in folic 
 geid activity following incubation at pH 7 (1, 2). In 1944, Mims, Totter, 
and Day (3) used a partially purified enzyme preparation from rat liver in 

determining ‘“‘substances convertible into the factor stimulating Streptococ- 


cus lactis R,”’ and in the same year Binkley et al. (4) discovered vitamin B, 


conjugate, stating that its presence in certain liver extracts had been demon- 


strated. Laskowski, Mims, and Day (5) later found that rat liver extracts 


showed vitamin Bb, conjugase activity. It appeared probable, therefore, 
that the increased folic acid content of rat liver homogenates following in- 
cubation at pH 7 was the result of the enzymatic conversion of the con- 
jugate to folic acid. However, the increase in folic acid activity of the liver 
homogenates incubated at pH 7 was greater than that in homogenates 
incubated at pH 5 (2), suggesting that the conjugase in rat livers dif- 
fers from similar enzymes in the livers of hogs and chickens, the activity of 
the latter being enhanced at the lower pH levels (6). This explanation is 
not borne out by the studies discussed here, for the activity of rat liver con- 
jugase has been found to be greater at pH 5than at pH 7. Thus it appears 


cubated at pH 7 were not the result of the enzymatic conversion of the con- 
jugate to PGA (pteroylglutamie acid). Data are presented which indicate 


that the increases in the folic acid content of the liver homogenates in- 


that rat liver contains a substance, other than PGA conjugate, subject to 


enzymatic conversion to folic acid or substances showing folie acid activity. 


Methods 


The folic acid activity was determined by using either Streptococcus 


faecalis and the turbidimetrie method of Luckey, Briggs, and Elvehjem 


(7) (the medium was modified by the addition of Salts B (8)) or Lactobacillus 
casei and the acidimetrie method of Teply and Elvehjem (8) (the medium 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by grants from the National Association 


of Ice Industries and the Wisconsin Ice Association. 


studies. 
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was modified by omission of norit-treated peptone). Synthetic pteroylglu- 
tamic acid, supplied by the Lederle Laboratories Division, American 
Cyanamid Company, was used as a standard in all cases. 

Rat livers removed from normal, mature rats and frozen in the freezing 
compartment of a refrigerator were used in all experiments. Homogenates 
were prepared in a Waring blendor by grinding 3 gm. of the frozen liver ip 
50 ml. of distilled water for 1} minutes. After grinding, the homogenate 
was allowed to stand for about 1 minute so that the foam could rise, and 
then samples were removed by pipetting. 


EXPERIMENTAL 


The rate of increase in folic acid activity of rat liver homogenate 
incubated at two different pH levels was studied first. Two mixtures, one 


FOLK ACID 
Mcq/q cat iver) 


Fic. 1. Folie acid content of rat liver homogenates incubated at pH{ 4.5 and 7.0 


containing 20 ml. of freshly prepared rat liver homogenate and 10 ml. of 
0.1 m phosphate buffer, pH 7.0, the other 20 ml. of the homogenate and 10 
ml. of 1 per cent sodium acetate buffer, pH 4.5, were used. Toluene was 
added to each mixture to inhibit bacterial growth. Immediately after the 
addition of the homogenate to the buffer and toluene, 3 ml. samples of the 
mixtures were pipetted into iS mm. test-tubes, which were placed in a boil- 
ing water bath. After 2 minutes these initial samples were removed from 
the bath, allowed to cool, and placed in the freezing compartment of a re- 
frigerator. The remaining reaction mixtures, in stoppered 125 ml. Erlen- 
meyer flasks, were placed in an air incubator at 37°. At 1, 2, 4, 8, and 20 
hours, 3 ml. samples were removed and treated in the same manner as were 
the zero time samples. After all the samples had been collected, they were 
diluted, neutralized to pH 7.0, made up to volume, and filtered. The fil- 
trates were assayed with S/reptococcus faecalis and the results obtained are 
shown in Fig. 1. The data obtained with the 20 hour samples agree with 
results obtained by Burkholder, McVeigh, and Wilson (2) on rat liver homo- 
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genates incubated at pH 7.0 and 5.0 for a similar period of time. In the 
liver homogenates incubated at pH 7.0, the rapid increase in folie acid 
and the subsequent decrease agree in general with results obtained by 
Wright, Skeggs, and Welch (1). 

In an experiment similar to the one just discussed, it was demonstrated 
that the failure of the liver homogenate to increase in folie acid at pH 4.5 
was not the result of acetate inhibition. Five incubation mixtures were 
used. Each contained 20 ml. of fresh homogenate and 10 ml. of buffer or 
water, as indicated in Fig. 2. In this experiment, when samples were with- 
drawn, they were added to 12 ml. of a buffer medium of such composition 
that the resulting mixtures were identical in buffer content. After thus 
equalizing the buffers, the samples were heated in a boiling water bath for 3 
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Fic. 2. Folic acid in liver homogenates incubated in various buffers. Curve lI, 
ethylenediamine-citrate buffer, final pH 7.0; Curve II, citrate-phosphate buffer, 
final pH 7.0; Curve IIL, water, final pH 6.3; Curve IV, citrate-phosphate buffer, final 
pH 4.6; and Curve V, sodium acetate buffer, final pH 4.3. 


minutes, cooled, retrigerated, and assayed, as already described. The 
results obtained (Fig. 2) are in agreement with those obtained in the first 
study, and they indicate that the differences obtained were not the result 
of the use of different kinds of buffers or of heating the samples at the dif- 
ferent hydrogen ion concentrations. 

We next studied the effeet of pH on the release of folie acid from the 
homogenate and on the conjugase activity of the liver. To determine the 
optimum pH for the release of the vitamin from the liver, 5 ml. samples of 
homogenate were added to 1S mm. test-tubes containing 10 ml. of 0.1 mM 
eitrate-phosphate bulfer of various hydrogen ion concentrations. In this 
experiment, the homogenate and buffer solutions were at 37° when mixed. 
After incubating for 1 hour at 37°, the test-tubes were placed in a boiling 
Water bath for 3 minutes and then cooled to room temperature. 5 ml. 
samples were withdrawn, diluted to about 25 ml., neutralized to pH 7.0, 
and made up to 100 ml. volume. After filtering, the solutions were assayed 
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with Streptococcus faecalis. ‘The sample remaining after withdrawal of 5 — 

ml. for assay was used for a pH determination. | 
The optimum pH for rat liver conjugase was determined as follows: 5 

ml. of 0.1 M citrate-phosphate buffer of various hydrogen ion concentrations 


a 

x 


pi OF REACTION Mix 


Fic. 3. Effect of pH on the folic acid formed in rat liver homogenate upon incu- 
bation and on the conjugase activity of the homogenate. Curve I, folic acid produced 
from PGA conjugate; Curve II, folic acid produced from the homogenate. 


TABLE | 


Inability of Hog Kidney Conjugase to Increase Folic Acid Content of Heated Rat 
Liver Homogenate 


Folic acid content, 


Reaction mixture Streptococcus faecalis 


5 ml. rat liver homogenate, 5 ml. citrate - phosphate buffer, pH 0.065 
7.0, heated* 

5 ml. rat liver homogenate, 5 ml. sodium acetate buffer, pH 4.5 0.065 

5 ml. rat liver homogenate, 5 ml. sodium acetate buffer, pH 4.5, 0. 065t 
heated,* 1 ml. hog kidney conjugase 

5 ml. rat liver homogenate, 5 ml. citrate-phosphate buffer, pH 7.0 0.58 


I ml. hog kidney conjugase, 5 ml. sodium acetate buffer, pH 4.5 0.015 


* Heated 3 minutes in a boiling water bath. 
t Hog kidney conjugase blank subtracted 


and 3 ml. of solution containing 10 y of pteroviglutamic acid as PGA con- 
jugate (crystalline conjugate supplied by Parke, Davis and Company) were 
added to a series of 18 mm. test-tubes. A rat liver homogenate was diluted 
with 4 volumes of water and 2 ml. were then added to each test-tube. All 
solutions were at 37° when mixed. After incubating for 1 hour at 37°, 
the test-tubes were heated for 3 minutes in a boiling water bath and cooled. 
A 1 ml. sample was withdrawn for assay and the remainder of the sample 
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was used for the pH determination. The results of this and the previous 
study are given in Fig. 3. Although rat liver conjugase did function at the 
same pH at which the increases in folic acid in the incubated homogenates 
were the largest, the conjugase activity was greatest in the more acid 
mixtures in which no increases in the folic acid content of the incubated 
mixtures were found (see Fig. 1 also). It appears, therefore, that the 
precursor of the folic acid formed in the homogenates is not PGA conjugate 
but some other substance of low microbiological activity which can be 
enzymatically converted to the vitamin. 

Further, it was found that hog kidney conjugase would release no folic 
acid from heated liver homogenate. 5 ml. of the freshly prepared homo- 
genate were measured into each of four test-tubes and treated as indicated 


TaB_e II 
Ability of Rat Liver Homogenate to Increase Folic Acid Content of Heated Liver 
Homogenate 
Reaction mixture* id ty 
| Y 
5 ml. heatedt rat liver homogenate,{ 5 ml. citrate-phosphate 0.09 
buffer, pH 7.0 
5 ml. rat liver homogenate,f 5 ml. citrate-phosphate buffer, 0.88 
pH 7.0 


5 ml. heatedt rat liver homogenate,{ 5 ml. rat liver homogenatet 1.73 


* Incubated under toluene at 37° for 4 hours. 
t Heated 3 minutes in a boiling water bath. 
{ Homogenate prepared as usual, except that pH 7.0 citrate-phosphate buffer 
was used in place of water. 


in Table 1. ‘The reaction mixtures listed were incubated under toluene at 
37° for 20 hours and assayed with Streptococcus faecalis, as described before. 
The conjugase used was a frozen water extract of hog kidney prepared as 
described by Bird et al. (9). Its activity was demonstrated on both erys- 
talline PGA conjugate and yeast extract before its use in this experiment. 
The failure of the hog kidney enzyme to increase the folic acid content of 
the heated homogenate is further evidence that the precursor is not the 
regular PGA conjugate. The data in Table II demonstrate that the pre- 
cursor in the heated liver homogenates can be converted to folic acid by the 
liver enzyme. 

Since it appeared possible that the vitamin might be bound to proteins, 
making it unavailabletothe test organisms, asample of cold liver homogenate 
was adjusted to pH 5.0 with acetic acid and centrifuged. The supernatant 
liquid was adjusted to pH 7.0 and again centrifuged. This supernatant 
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liquid was treated with solid ammonium sulfate (8 gm. per 15 ml.) and the 
precipitate which formed was centrifuged off and resuspended in pH 7,0 
citrate-phosphate buffer. Although the fraction precipitated by ammo- 
nium sulfate contained about 25 per cent of the folic acid precursor present 
in the original liver sample (as determined by assay following incubation 
with rat liver homogenate), all of the precursor was removed by dialysis 
overnight against cold running water. Dialysis of the solution prior to 
ammonium sulfate treatment gave similar results. It was therefore con- 
cluded that, if the substance is bound to proteins, the binding is a very 
loose one. Very little of the precursor could be found in the precipitates 
formed at pH 4.5 and 7.0. 


uv § 6 
in 


TE OF INCUBATION (HOURS) 
Fic. 4. Folic acid in mixtures of liver extract and homogenate incubated at two 
hydrogen ion concentrations. 


We next ground 100 gm. of frozen liver with 200 ml. of cold water for 2 
minutes in a Waring blendor. 25 ml. of cold 5 per cent sodium acetate 
buffer, pH 4.5, were then added and the mixture was ground again for 2 
minutes. The addition of the buffer brought the pH of the mixture to 5.3; 
our previous findings indicated that enzymatic conversion of the precursor 
to folic acid at this pH was very slow. The mixture was then transferred 
to a 600 ml. beaker in a boiling water bath and stirred continually until it 
reached a temperature of 90°. It was maintained at this temperature for 
5 minutes and then cooled. After filtering with gentle suction through a 
filter paper, the residue was mixed with about 50 ml. of water and again 
sucked dry on the filter. The combined filtrate and washings were concen- 
trated in vacuo to about 75 ml., neutralized to pH 7.0, and made up to 100 
ml. Samples taken before and after incubation with fresh liver homogenate 
were assayed for folic acid with S/reptococcus faecalis. The following data 
were obtained: folic acid plus the precursor in original liver, 220 y; folic 
acid in filtrate, 39 ~; and folic acid as the precursor in filtrate, 93 y. Where- 
as only 60 per cent of the folie acid plus the precursor present in the original 
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liver sample was recovered in the filtrate, the method yielded a solution of 
substrate (folic acid precursor) free of most of the protein present in the 
liver homogenate. ‘This substrate was incubated at 37° under toluene in 
the presence of freshly prepared liver homogenate at pH 4.5 and 7.0; the 
mixtures were sampled for assay at 0, 1, 2, 4, 10, 24, and 48 hours. In this 
experiment 15 ml. each of liver extract, homogenate, and buffer (0.1 m 
citrate-phosphate, pH 7.0, or 1 per cent sodium acetate, pH 4.5) were used 
in each mixture. Samples were withdrawn and prepared for assay as 
described earlier, except that filtering was omitted. Lactobacillus casei was 
used in the assay (titrimetric) instead of Streptococcus faecalis. The results 
of the study (Fig. 4) are very similar to those obtained in the incubation of 
rat liver homogenate alone. Here, however, the disappearance of folic 
acid following the initial increase is more clearly apparent as the time of 
incubation is lengthened. These data indicate that adsorption and occlu- 
sion are not responsible for the differences in the release of folic acid from 
homogenates incubated at pH 4.5 and 7.0. 
DISCUSSION 

In the microbiological assay of various liver extracts with Streptococcus 
faecalis, the response of the microorganism to synthetic PGA was not the 
same as it was to the liver extracts. Decreasing responses with the addi- 
tion of increasing amounts of the liver extracts (as compared to the 
responses to PGA) caused “‘drifts.’”? This introduced errors into the assay 
which were in part overcome by selecting values from a limited part of the 
standard curve only. By doing this, the results obtained in the assay of 
several solutions of liver extracts with S. faecalis compared well with the 
results obtained with Lactobacillus casei (titrimetric). ‘‘Drifts’’? were not 
apparent with the latter microorganism with which longer incubation 
periods were used. The occurrence of ‘drift’ indicated that S. faecalis 
was responding to substances other than PGA, and we therefore chose to 
use the term “folic acid’’ in expressing our results. Pfiffner et al. (10) 
reported the presence of an acid-labile factor in horse liver to which S. 
faecalis responded differently than did Lactobacillus casei. It is possible 
that the occurrence of such a substance in rat liver after incubation would 
cause ‘“‘drifts’’ such as we have observed. 

When Binkley ef al. (4) reported the presence of vitamin B, conjugate in 
certain liver extracts, they did not state the method by which it was 
determined. Our work indicates that the conjugate is present in rat livers 
insmall amounts only. However, the possibility that the precursor which 
we have observed is a larger molecule, which is first degraded to a conjugate 
and subsequently converted to PGA, still exists, since even at pH 7.0 the 
liver conjugase is quite active. 
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Our findings suggest that certain liver preparations may be of even 
greater value than hog kidney or chicken pancreas conjugases for enzymati- 
cally treating samples prior to microbiological assay. However, crude liver 
preparations apparently cause some destruction of folic acid and this 
property may limit their use. Partially purified liver preparations may 
prove valuable. | 


SUMMARY 


Rat liver homogenates incubated at pH 7.0 increased rapidly in their 
folic acid content, whereas those incubated at pH 4.5 did not. The opti- 
mum pH was between 4.0 and 5.0 for folic acid conjugase in the homoge- 
nates. Since at pH 4.5 neither autolysis of the liver nor digestion of heated 
samples with hog kidney conjugase caused any liberation of the vitamin, 
the presence of a precursor of folic acid other than pteroylglutamie acid 
conjugate is indicated. This precursor is dialyzable and stable to short 


heat treatments. 
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SOME STRUCTURAL ANALOGUES ANTAGONISTIC TO 
PTEROYLGLUTAMIC ACID 


By D. W. WOOLLEY anp A. PRINGLE 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, February 26, 1948) 


In order to extend the studies made in this laboratory (1) on structural 
analogues antagonistic to metabolically important compounds, a number 
of possible inhibitory analogues of pteroylglutamic acid have been prepared 
and tested biologically. Since this vitamin is a pyrimidine compound, the 
prediction could be made on the basis of existing knowledge (2, 3) that 
replacement of this part of the molecule with a benzene ring would yield 
an antagonist. Attempts were therefore made to synthesize quinoxaline- 
2-(p-methyleneaminobenzoylglutamic acid) by the condensation of o- 
phenylenediamine, dibromopropionaldehyde, and p-aminobenzoylglutamic 
acid according to the general procedure (4) used in the formation of pteroy]- 
glutamic acid. An active growth inhibitor was produced in the reaction 
and obtained in relatively pure form, but it did not appear to be the ex- 
pected quinoxaline derivative, but rather a more complex substance. 

A slightly different type of inhibitory analogue was secured by the forma- 
tion of quinoxaline-2-carboxylvl-p-aminobenzoylglutamic acid. This com- 
pound was readily obtainable in pure form and was found to be a rather 
special kind of antifolic acid in that it was effective in only one species. 

The most powerful antagonist examined in this investigation was 2- 
amino-4 ,7-dihydroxvpteridine-6-carboxylyl-p-aminobenzoylglutamic acid. 
This substance is the same as pteroylglutamic acid, except that the methyl- 
ene bridge has been exchanged for a carbonyl group, and the hydrogen at 
position 7 has been replaced by OH. It was thus a derivative of iso- 
xanthopterincarboxylic acid. The corresponding xanthopterincarboxyvlic 
acid derivative was prepared and found to be much less potent. 

Analogues identical with pteroylglutamic acid, except for the replace- 
ment of glutamic by aspartic acid or by methionine sulfoxide, were prepared 
and shown to be antagonistic to the vitamin in bacterial growth. However, 
others (5, 6) have recently published reports dealing with the aspartic acid 
compound, and therefore it will not be deseribed here. 


EXPERIMENTAL 


Compound Derived from o-Phenylenediamine, Dibromopropionaldehyde, 
and p-Aminobenzoylglutamic Acid—-A solution of 13.3 gm. of p-amino- 
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benzoylglutamic acid and 5.4 gm. of o-phenylenediamine in 500 ee, of 
0.1 M acetate buffer at pH 4 was stirred and treated dropwise with a soly- 
tion of dibromopropionaldehyde prepared by adding 2.7 cc. of bromine to 
3.3 ec. of acrolein in 50 ec. of ether in the cold. The product began to 
precipitate immediately and was filtered after standing overnight in the 
refrigerator. The crude product (10 gm.) was suspended in 500 ce. of 2 
n sodium hydroxide solution. The insoluble material was discarded, the 
filtrate adjusted to pH 7 with dilute hydrochloric acid, and chromato- 
graphed on 250 gm. of aluminum oxide. ‘The column was washed with 200 
ec. of water and, after concentrating the effluent to 500 cc., it was adjusted 
to pH 1 with concentrated hydrochloric acid. The precipitate was dis- 
earded. The active material (0.6 gm.) precipitated from the filtrate when 
the pH was raised to 4 with 5 ~ sodium hydroxide solution. Further 
purification was accomplished by a counter-current distribution (7) of 1 
gm. between 100 cc. portions of butanol and a 3 M aqueous pyridine solu- 
tion. The active material was most abundant in the third of a series of 
nine tubes. Repetition of the counter-current distribution indicated the 
substance to be homogeneous. During the entire purification the antago- 
nist was followed by microbiological tests with Lactobacillus casei. The 
major part of the potency of the crude reaction mixture was obtained in 
the final product. 

Analyses showed C 61.2, H 5.6, N 12.1, and glutamic acid (8) 21. Al- 
though this compound appeared to be pure, it was not the desired quinoxa- 
line, since theoretical values for Co; H»O;N, are C 61.8, H 4.9, N 13.7, and 
glutamic acid 36. 

Quinoxaline-2-carboxrylyl-p-aminobenzoylglitamice Acid—To a cooled solu- 
tion of 4.2 gm. of p-aminobenzoylglutamic acid and 4 gm. of sodium 
hydroxide in 200 cc. of water were added with stirring and cooling 8 gm. 
of quinoxaline-2-carboxylyl chloride (9) in LOO ce. of ether and 2 gm. of 
sodium hydroxide in 20 ec. of water. The acid chloride and the sodium 
hydroxide were added alternately in small portions. The ether layer was 
separated and the water layer was acidified to pH 4 with concentrated 
hydrochloric acid. The product (10 gm.) melted at 128°. Two reerystal- 
lizations from alcohol raised the melting point to a constant value of 145°. 
The compound was a pale yellow crystalline substance sparingly soluble in 


H,0O. 


CoH HO. Caleulated. C 57.3, H 4.5, N 12.7. glutamie acid 33 


The water of hydration was not lost upon heating at 100° for 1 hour. 
2-Amino-4, ,7 Acid 
1.1 gm. of isoxanthopterincarboxylic acid prepared according to the 
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method of Purrmann (10) were triturated in a mortar with 2 gm. of 
phosphorus pentachloride and 30 cc. of phosphorus oxychloride. The 
mixture Was allowed to stand for 2 days at room temperature and was 
then freed of phosphorus oxychloride by evaporation under reduced pres- 
sure and extraction with dry petroleum ether. The crude acid chloride 
was condensed at 0° with a cold solution of 2 gm. of p-aminobenzoylglutamic 
acid dissolved in 20 ec. of 1 N sodium hydroxide. The reaction was 
maintained alkaline by frequent additions of sodium hydroxide. After 2 
hours hydrochloric acid was added to adjust the pH to 8, and a precipitate 
was separated by centrifugation and discarded. The solution was ad- 
justed to pI 3 to 4 with hydrochloric acid or with acetic acid, and the 
orange precipitate which formed was collected and washed with water 
and then with alcohol. In some preparations this product contained 
jsoxanthopterincarboxylic acid and this could be removed by taking ad- 
vantage of the insolubility in water of its sodium salt. Occasionally, 
difficulty was experienced in the formation of the acid chloride because of 
the insolubility of isoxanthopterincarboxylic acid. The acid chloride 
could be formed by heating the dry acid with dry phosphorus pentachloride 
in an oil bath at 100—-120°; but even with this method, complete conversion 
was not obtained. Apparently replacement of the hydroxyl groups at 
positions 4 and 7 did not occur, since the final product contained only a 
trace of halogen. In precipitation of the condensation product with acid, 
care Was exercised to avoid a low pH because glutamic acid was readily 
lost under such conditions (see the next section). The material could be 
obtained crystalline by very cautious acidification of a solution of the 
sodium salt, but this was not a practical procedure for the preparation of 
large amounts of crystals. The substance did not melt at 300°. 


Calculated. N 20.8, glutamic acid 31 


2-Amino-, -dthydroxy A ctd—W hen 
an aqueous solution of the sodium salt of the analogue described in the 
previous paragraph was poured into boiling 1 N hydroch!oric acid an 
orange precipitate formed which was apparently 2-amino-4 ,7-dihydroxy- 
pteridine-6-carboxylvl-p-aminobenzoic acid. This followed from the anal- 
yses Which showed no glutamic acid and 25.0 per cent nitrogen (theory, 24.6). 
The substance was obtained as well formed crystals by adding alcohol 
toa saturated acetic acid solution, but this was not a practical method 
because of the low solubility of the compound in acetic acid. It did not 
melt at 300°. The instability of the glutamic acid residue in the analogue 
described in the previous section was illustrated further by the finding 
that boiling an aqueous suspension of the compound for 10 minutes reduced 
the glutamic acid content to 10 per cent. 
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Method of Biological Test with Bacterta—In order to measure any antago. 
nistic relationship of the compounds to pteroylglutamic acid, the mediym 
described by Landy and Dicken (11) free of folic acid was used. For most 
of the tests this medium was fortified with 0.0001 y of pteroylglutamic 
acid! per cc. and Lactobacillus caset was employed. Other species were 
examined under similar conditions to determine the range of effectiveness 
of the compounds as growth inhibitors, and graded levels of the vitamin 
were studied in experiments to establish whether the antagonism with 
pteroylglutamic acid Was competitive in nature. 

Graded amounts of a substance to be tested were added to a series of 
tubes containing a constant amount of the vitamin plus the basal medium. 
After inoculation, and incubation for 48 hours, the amount of growth jn 

TABLE | 
Inhibitory Effect of 
glutamic Acid on Lactobacillus casei in Presence of 0.0001 vy of 
Pteroylglutamic Acid per Ce. 


Compound Turbidity® 
y per cc 
() 71 
sO 
1.) SS 
2.0 
5.0 6) 


* kxpressed as the per cent of incident light transmitted by the culture in eom- 
parison to the uninoculated medium. 


each tube was determined both turbidimetrically and by measurement of 
pH, according to the usual procedures. Curves were then constructed 
which related the concentration of the inhibitor to the amount of growth, 
and from these the concentration required to cause half maximal inhibition 
of growth was estimated. A typical response of Lactobacillus casei to 
graded amounts of 2-amino-4 
benzoylglutamie acid is illustrated by the data in Table I. 

Inhilntion of Growth of Lactobacillus caset by Structural Analogues of 
Pteroylglutamic Acid—Table IT contains data to show that the growth of 
Lactobacillus casei in the presence of 0.0001 y of pteroylglutamic acid per 
cee. Was inhibited by most of the compounds related in structure to the 
vitamin. The analogues varied in potency, the most active being 2-amino- 
4 acid. 

Competition between Inhititors and Vitamin— The growth-inhibitory 
action of each of the compounds was completely erased by increases in the 


‘We wish to thank Dr. Ek. L. R. Stokstad and Dr. T. H. Jukes of the Lederle 
Laboratories Division, American Cyanamid Company, for gifts of this material. 
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concentration of pteroylglutamic acid. Furthermore, the antagonism 
Was competitive in nature. The data in Table ITI will demonstrate this 
fact in the case of 2-amino-4,7-dihydroxypteridine-6-carboxylyl-p-amino- 
benzoylglutamic acid. Here it can be seen that, except for the smallest 
concentration of the vitamin, when the amount of the growth factor was 
doubled, the amount of inhibitor required to reduce growth to half maxi- 
mum likewise was doubled. 

Relative Effectiveness of Various Analogues on Number of Specites——The 
data in Table IIT show the concentrations of each of the analogues which 
were required to cause the half maximal inhibition of growth of each of 4 
number of bacterial species when tested in the presence of 0.0001 ¥ of 
pteroylglutamic acid per ec. In contrast to the situation recently described 
for other types of antifolic acids (5, 6, 12), most of the present substances 


were more effective against Lactobacillus casei than against Streptococcus 


TaB_e III 


Amounts of 2-Amino-4,7-dihydrorypteridine-6-carborylyl-p-aminobenzoylglutamic 
Acid Required for Half Maximal Inhibition of Growth of Lactobacillus casei in 
Presence of Varying Amounts of Pteroylglutamic Acid 


Pteroylglutamic acid Analogue required for half maximal! inhibition 


y per cc. > per cc. 
0.0001 0.7 
0). QOO2 2.9 
0. QO004 5 
0.0008 
0.0016 24 


faecalis. In fact, some analogues seemed to be harmful only to Lacto- 
bacillus caset.’ Throughout the series the dependence of an inhibitory 
action on the organism’s nutritional requirement for pteroylglutamic acid 
Was apparent (cf. (13)). 

Antagonism between -2-Amino-4 ,? 
aminobenzoylglutamic Acid and Pteroylglutamic Acid in Rats —Copenhagen 
strain rats weighing approximately 125 gm. were fed on bread and milk, 
and injected intraperitoneally with solutions to be tested. A single dose 
of 10 mg. of 2-amino-4 ,7-dihydroxypteridine-G-carboxylyl-p-aminobenzoyl- 
glutamic acid proved fatal within 24 hours, whereas 1 mg. per day for a 
week was tolerated. Simultaneous administration of 10 y of pteroyl- 
glutamic acid protected the animals against 10 mg. of the analogue. On 
the other hand, rats of this breed and weight tolerated daily intraperitoneal 
doses of 100 mg. of quinoxaline-2-carboxylyl-p-aminobenzoylglutamic acid 
(as the sodium salt) for at least a week. 
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SUMMARY 


Several structural analogues of pteroylglutamic acid have been prepared 
for the first time and shown to inhibit the growth of certain bacteria com- 
petitively with the vitamin. 2-Amino-4 ,7-dihydroxypteridine-6-carbox- 
ylyl-p-aminobenzoylglutamic acid was the most active of these, but quin- 
oxaline-2-carboxylyl-p-aminobenzoylglutamic acid and a substance formed 
by the reaction of dibromopropionaldehyde with o-phenylenediamine and 
p-aminobenzoylglutamic acid likewise were effective against Lactobacillus 
casei. Of the microorganisms tested, only those which required pteroyl- 
glutamic acid as a growth factor were prevented from multiplying by the 
presence of the analogues. 
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Several antibiotic compounds have been isolated from green plants. 
Those which have been structurally identified are citrinin (1—4), dicumarol 
(5-7), and protoanemonin (8,9). Other less well defined factors are an oil 
from Allium sativum (10-12), a colorless crystalline compound from Arc- 
tium minus (13), Products A and B from Asarum canadense (14), cassic acid 
from the leaves of Cassia reticulata (15), crepin from the buds and flowers of 
Crepis taraxacifolia (16), a low melting compound from the leaves and 
flowers of Spiraea aruncus (17), and tomatin, occurring in Lycopersicon 
esculentum (garden tomato) (18). An antibacterial substance has also been 
extracted from Tillandsia usneoides (Spanish moss) (19), and the milky 
juice of crushed water chestnuts has been shown to inhibit the growth of 
Staphylococcus aureus, Escherichia colt, and Aerobacter aerogenes (20). 

Many of these materials have been tested for activity exclusively against 
strains of the common test bacteria used in most laboratories to determine 
effectiveness against zoopathogenic organisms. For the most part these 
compounds have been found to be of little use to date because of low po- 
tency, toxicity to animals, and low stability. 

Work in this laboratory has been directed toward the discovery, purifica- 
tion, and characterization of compounds occurring in plants which may be 
useful against phytopathogens causing destructive plant diseases. Such 
compounds should be less toxic to plant cells and might therefore be used 
advantageously for the control of plant pathogens. 

This report deals with the discovery, isolation, and identification of 2- 
methoxy-1,4-naphthoquinone occurring in garden balsam (/mpatiens 
balsamina 1.). A short description of its antifungal activity is included. 
A semiquantitative assay procedure with an alcohol-tolerant strain of 
yeast as the susceptible test organism was used to facilitate the isolation. 
The utilization of this yeast permitted the testing of 100 per cent ethy] 
alcohol extracts of the plant material. This assay procedure is described. 


* This research was partially supported by a grant from the Herman Frasch 


Foundation. 
t We are indebted to Mr. Allen T. Jones, Mr. Andrew J. Culver, and Mr. William 


W. Scott for the development and use of the microbiological assay procedures. 
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This naphthoquinone has been synthesized previously (21-23) but has 
not been reported as a natural product, although lawsone (2-hydroxy-1 ,4- 
naphthoquinone) was isolated from the leaves of Lawsonia inermis |, 
(24-27). 

The antibiotic compounds, fumigatin, Javanicin, and spinulosin, are 
known to be methoxyquinones. Many other methoxyquinones have been 
found to possess marked antibiotic activity (28-30). 


EXPERIMENTAL 


Microbiological Procedures—The activity of crude juices obtained from 
Impatiens balsamina 1. was tested by the cylinder plate method described 
by Irving (31) with the Robbins agar medium (32). Media were adjusted 
to pH 7.0 with 0.05 n NaOH. Bacterial inoculum was produced in broth 
in 24 hours at 37°. Fungus spores were produced at 20° on Robbins’ 
agar slants in 7 to 9 days. Yeast cells were propagated on Robbins’ agar 
slants at 20° in 48 hours. On test plates bacteria grew only fairly well 
after 18 hours incubation, at which time zone readings were made. Fungus 
culture zone plates were stored at a constant temperature of 20° and, after 
incubation of 72 and 96 hours, readings were taken. The veast was kept 
at 20° and cultures could be read after 48 hours incubation. Four peni- 
cylinders were placed on each Petri dish immediately after the agar had 
hardened and each filled with 0.3 ml. of liquid. 

The red yeast Rhodotorula glutinis Harrison! served excellently as a test 
organism for alcohol solutions of crude juice extracts or for pure solutions 
of the crystalline material. In early work the organism was grown on 
agar slants and inoculum was produced by washing the slants with water. 
This 10 ml. suspension was added to 100 ml. of agar before flooding each 
test Petri dish with 3.0 ml. However, it was found more reliable and 
convenient to grow the yeast cells in Hansen’s No. 2 liquid-aerated medium 
(33) for 4 days at room temperature. This cell suspension was then kept 
in the refrigerator at 8-10° and drawn on for uniform samples. Cells 
counted by means of a Levy chamber ran about 600 million per ml. When 
diluted with agar, this would mean that there were approximately 143 X 
10* cells per sq. em. 

LD» values and dosage-response curves were obtained by standard 
procedures (34) with Wonilinia (Sclerotinia) fructicola as the test organism. 

Isolation Procedure—After many trials the following method was de- 
veloped. 675 gm. of the dried ground flowers of Jmpatiens balsamina L 
were extracted by stirring for 30 minutes with 4000 ml. of absolute ether. 
The slurry was filtered on a Biichner funnel and the cake extracted again 


' The yeast Rhodotorula glutinis Harrison was identified by Professor F. M. Clark 
of the University of Illinois. 


f 


) 

t 
\ 
t 
\ 

( 
\ 

j 
i 
( 
( 
} 

j 

I 
\ 


J. E. LITTLE, T. J. SPROSTON, AND M. W. FOOTE 337 


with 4000 ml. of ether. After filtration the filtrates, which were orange- 
yellow in color, were combined and concentrated to 1800 ml. This solu- 
tion Was run through a chromatograph column packed with 240 gm. of 
Brockmann’s alumina. The filtrate which contained the active material 
was concentrated to dryness in vacuo and 900 ml. of petroleum ether 
(boiling point range, 35-45°) were added. After stirring for 20 minutes 
the material was filtered on a sintered glass funnel and the precipitate 
washed with petroleum ether and dried on the funnel. 507 mg. of a yellow 
crystalline material melting at 177-179° were obtained. This material 
was purified by repeated crystallization from absolute ethanol after treat- 
ment with norit and after filtering the hot solution. The highly purified 
material crystallized as light yellow needles and melted sharply at 183.5°. 

Chemical Propertics—The compound was found to be extremely soluble 
in chloroform and benzene, moderately soluble in alcohol and ether, and 
almost insoluble in water and petroleum ether. It was neutral to litmus 
and did not dissolve in aqueous acids. It dissolved in 3 N NaOH, giving a 
dark red solution. Acidification of this solution reprecipitated a yellow 
erystalline material. 

No color was obtained with ferric chloride solution. A solution of the 
material in aleohol rapidly decolorized KMnQO, with the formation of 

The material sublimes below the melting point and has a mild phenolic 
odor. 

Structure Proof—A sodium fusion proved the absence of sulfur, nitrogen, 
and halogen. 

Molecular weight by the Rast method was 168. This was later shown 
to be low, but explainable in the light of unreliability of this method, as 
applied to naphthoquinones. 

Microanalysis* of a sample of the material melting at 183.5° gave the 
following values. 


Analysis—C,,H af ( ISS. 2) 
Calculated, C 70.20, H 4.28; found, C 70.35, H 4.22 


Since the analysis and properties of the material suggested either a 
methoxy- or a methylhydroxynaphthoquinone, a methoxyl determination 
was carried out with the following results. 


(188.2) 
Calculated, methoxyl 16.49; found, 16.52 


* All microanalyses were carried out by the Clark Microanalytical Laboratory, 
Urbana, Illinois. 
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In order to determine the location of the methoxy group a sample of 


the compound was first hydrolyzed to remove the methyl group (21), and 

y 
then oxidized with H.O. as follows. ee 
103 mg. of the demethylated material were dissolved in a minimum f 
amount of 0.1 N NaOH by warming gently. The solution was cooled to | _ 
a 

room temperature and 5 ml. of superoxol added. After 2 hours a red 

crystalline precipitate separated but immediately redissolved upon the | 
i 

C 
A 
P 
P 
T 
R 
) 

0 
220 240 260 280 MMU. 320 340 360 
Fic. 1. Comparison of the ultraviolet light absorption curves of synthetic (Curve tr 
S) and natural (Curve N) 2-methoxy-1,4-naphthoquinones. The values for the 

al 
synthetic compound are expressed as « X 10°73 +1000 so that the curves will not be at 
superimposed. 


addition of a few drops of 12 N NaOH. After 5 hours standing at room 
temperature the solution became colorless. ‘This was extracted ten times 
with an equal volume of ether to remove the excess H2O.. The solution 
was acidified by the addition of 3 ml. of 3 x HCl and extracted ten times =. 
with an equal volume of ether. The ether extract was concentrated to om 


dryness tn vacuo and the residue dissolved in 3 ml. of absolute aleohol and pi 
filtered. The aleohol was removed by evaporation and the solid material | 
redissolved in 2 minimum of hot water. Norit was added and the solu- 2 


tion filtered hot. Upon cooling a precipitate of colorless prismatic crystals ne 
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was obtained. This compound was recrystallized from hot water. The 
yield was 45 mg. ‘The ground material melted at 191° with effervescence, 
resolidified at 108°, and remelted at 131°. There was no change in these 
values When the material was mixed with an equal quantity of phthalic 
acid. ‘The analysis for this material was close to that for phthalic acid. 


Analysis CsH6O, (166.1) 
Calculated, C 57.84, H 3.64; found, C 57.72, H 3.58 


It was obvious, after identification of the oxidation product as phthalic 
acid, that the methoxy group was associated with the quinone ring of 


TABLE | 


Zone Sizes Obtained against Various Organisms with Extract* of Impatiens 
balsamina L 


Test organism Zone 

mm. 

Monilinia fructicola 32.0 

Colletotrichum lindemuthianum Vt-2.. 31.3 

Penicillium notatum 39.2 

Pythium debaryanum 16.0 
Trichophyton mentagrophytes Q533T 0 
Ustilago avenae 10056T..... 0 

Rhodotorula qlutinis Vt-3-1 35.6 

Escherichia coli 0637. 0) 

Staphylococcus aureus 37.7 

‘* Florey strain (England). 30.5 


* The extract was prepared as follows: 10 gm. of dried, ground flowers were ex- 
tracted by stirring for hour in 40 ml. of absolute alcohol. The slurry was filtered 
and the residue washed onee with absolute aleohol. The filtrate was concentrated 
at 5° in vacuo to To this filtrate 70 ml. of distilled water were added and the 
solution again concentrated in racuo to 30 ml. The solution was neutralized with 
NaOH and drawn through a Seitz filter. 1 ml. represents 0.33 gm. of dried material. 

American Type Culture Collection. 

t Aleohol solution. 


naphthoquinone, and it Was suspected that the compound Was 2-methoxy- 
L,4-naphthoquinone. This was confirmed by a spectrophotometric com- 
parison with the pure synthetic compound (21). Solutions of both the 
natural and synthetic compounds were prepared by dissolving 10 mg. in 
250 ml. of absolute aleohol which had been purified by treatment with 
norit followed by distillation. Higher dilutions were made when necessary 
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to maintain the sensitivity of the readings. The absorption readings were 
made on a Beckman model DU spectrophotometer. A comparison of the 
curves in Fig. 1 will show that the two compounds are identical. Also a 
mixed melting point (183.5°) showed no depression when compared to that 
of either compound. 

Antifungal Activity—Table I lists the zone sizes obtained against several | 
phytopathogenic fungi and against the assay yeast when tested as pre- 
viously described. Both alcohol and water extracts were tested against 
the yeast. While the solubility in water is low, it was found that 10 mg. 
could be dissolved in 1000 ml. of distilled water if the material was finely 
ground and the suspension warmed to 70°. | 

Table IT shows the effect of dilution upon the yeast assay zones. 


TABLE I] 
Efiect of Dilution on Zone Sizes for Naturally Occurring 2-Methory-1,4-naph- 
thoquinone with Rhodotorula glutinis As Test Organism 


Dilutions 1:0 1:5 1:10 | 
mm. mm. mm. mm. mm.  omm. | mm. 
Zones in alcohol solution (25.1 mg. 37.3 35.1 30.6 22.1 19.6 15.6) 8 


per 100 ml.) 
Zones in water solution (9.6 mg. per 24.7 10.0 8 8 S ee pe 
100 ml. supersaturated) 


The LD. values (34) against Wonilinia (Sclerotinia) fruclicola for the 
natural and synthetic 2-methoxy-1,4-naphthoquinone were 0.00365 mg. 
per ml. and 0.00310 mg. per ml. respectively. The slopes of the dosage- | 
response curves were 0.784 for the natural and 0.853 for the synthetic 
material. The methoxy compound was considerably more active than was 
lawsone. 

Toxicity of a solution containing 10 mg. of the material in 1 liter of 
distilled water was tested against 3 week-old tomato and bean plants. 
No phytotoxicity was evident. | 


DISCUSSION 


The isolation of 2-methoxy-1 ,4-naphthoquinone from a plant source, 
combined with the finding that this compound is non-toxic to tomato and 
bean plants, suggests that perhaps this material would have value as a | 
fungicide. The high potency, as expressed in the LDs5 values and the — | 
slope of the dosage-response curve, also supports this idea. While its 
_water solubility is low, it is certainly no lower than that of other common | 
fungicides such as phygon and has the possible advantage of lower phyto- : 


toxicity. 


+ 
i% 

) 
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The synthesis is relatively simple and cheaper methods could probably 
be developed. 

The high antibiotic potency of methoxy-, as compared to hydroquinones, 
has been noted previously (30) and is confirmed in this instance. 
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SUMMARY 


1. The existence of 2-methoxy-1,4-naphthoquinone in plant cells was 


established by its isolation from Jmpatiens balsamina L (garden balsam). 


2. Details of its identification are presented. 
3. The material is non-toxic to young tomato and bean plants in con- 


centrations two to three times its LD.» value. 


4. Activities against several phytopathogenic organisms and others 


are listed. 
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THE LECITHIN, CEPHALIN, AND SPHINGOMYELIN 
CONTENT OF SERUM* 


I. AS INDICATED BY THE CHOLINE-PHOSPHORUS AND 
NITROGEN-PHOSPHORUS RATIOS 


By R. G. SINCLAIR 
Wirn tHe AsststaNce OF Henry Tsuyvuk! AND Eve MINovITCH 


(From the Department of Biochemistry, Queen’s University, Kingston, Canada) 
(Received for publication, February 7, 1948) 


In 1944 Taurog, Eentenman, and Chaikoff (13) reported that the ratio of 
choline to phosphorus in the acetone-insoluble lipides of human and dog 
plasma was close enough to 1.0 to justify the conclusion that cephalin was 
almost, if not entirely, absent. Although instances of the absence of 
cephalin from plasma had been reported before (1, 8, 14), most of the 
earlier work (cited in (13)) had indicated that some 20 to 40 per cent of 
the plasma phospholipides consisted of cephalins, or at least of non-choline- 
containing phospholipide. In spite of the wealth and consistency of the 
data presented by Taurog eft al. (13) and later by Entenman and Chaikoff 
(3), a further and independent study of the problem seemed desirable. 
This was the primary object of the present work. However, the study 
was extended to the serum of beef, pig, and turkey, as well as to human 
and dog sera. Furthermore, the experiment was so planned as to obtain 
information on the sphingomyelin and lecithin, as well as on the cephalin, 
content of the various sera. 

It so happened that at the same time Hack (9) had undertaken a some- 
what similar study of the composition of human plasma phospholipides. 
His data show that in the fasting human subject the plasma phospholip- 
ides, on the average, consist of 79 per cent lecithin, 16 per cent sphingomye- 
lin, and 5 per cent cephalin. In the individual subjects, however, ceph- 
alin was found to vary from 0 to 17 per cent of the total. 

The general plan of the present work was to isolate the lipides from 
relatively large volumes of serum or plasma, to fractionate them into 
acetone-soluble and acetone-insoluble fractions, and to purify the latter 
in such a Way as to insure that it contained only lipide nitrogen, phosphorus, 
and choline. Dialysis was chosen as the most satisfactory method of 
removing non-lipide impurities. The choline to phosphorus (C:P) ratio 


* Reported before the American Society of Biological Chemists at Chicago, May, 
1947. This work was supported by a grant from the Division of Medical Research, 


the National Research Council. 
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was taken to be a valid measure of the percentage of lecithin plus sphingo- 
myelin. The difference between the N:P ratio and 1.0 was assumed to be a 
measure of the percentage of sphingomyelin in the total phospholipide, 
The validity of these two assumptions is dealt with in the accompanying 


paper (12). 
EXPERIMENTAL 


The lipides were isolated from three lots of beef sera, two of pig sera, 
two of pooled turkey sera, one of pooled dog sera, and one of pooled human 
sera.! All animals were either fasting or in a postabsorptive state. The 
volume of serum extracted ranged from 585 to 1170 ml. In addition, the 
lipides were extracted from the heparinized ame: | of four young men in a 
postabsorptive state. 

Extraction—The details of the procedure employed were not. strictly 
uniform throughout. Slight modifications were introduced with each 
successive experiment. Nevertheless, the general plan was the same and 
was as follows: The freshly drawn blood was collected in 250 ml. centrifuge 
bottles, chilled as soon as possible, and centrifuged in a refrigerated room. 
The pooled serum was recentrifuged. A small aliquot (5 or 10 ml.) was 
taken for determination of the lipide phosphorus content as a check on the 
completeness of the extraction of the main lot. This main lot was poured, 
with shaking, into 3 volumes of acetone. The mixture of serum and 
acetone was let stand at —33° to —35° and then filtered with suction at the 
same temperature. The object of this step was to precipitate most of the 
serum lipides, particularly the phospholipides, along with the proteins 
and to remove most of the serum water with the acetone. The filter cake 
was divided into suitable portions, thoroughly mixed in a Waring blendor 
with an alcohol-ethyl ether mixture (3:1), let stand a short while with 
frequent shaking, and then filtered with suction. This alcohol-ether ex- 
traction was repeated. The filter cake was now blended with ethyl] alcohol, 
poured into a sac made of filter paper, and extracted in a reflux extractor.’ 
The filter paper and serum proteins were again mixed with alcohol and 
further extracted with hot alcohol. It was evident that the amount of 
lipide extracted by the two hot alcohol extractions made up a very small 
proportion of the whole.* 


1The author is indebted to Dr. A..L. Fisher, the Connaught Laboratories, the 
University of Toronto, for the pooled human serum. 

? This reflux extractor consisted of a Pyrex percolator connected to a 500 ml. 
Erlenmeyer flask and a 1 liter round bottomed flask as condenser. 

‘The completeness of the extraction procedure was demonstrated in two ways: 
In several cases the final alcohol extract was evaporated separately and the residue 
was extracted with petroleum ether-chloroform (2:1). The latter extract was 
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Evaporation of Extracts—The acetone extract, containing most of the 
serum water, Was evaporated at about 40° under reduced pressure and in a 
gentle stream of nitrogen until water began to condense in the connecting 
tube. Little trouble from foaming was met with. The turbid concentrate 
was extracted twice with ethyl ether. The latter was put away in the 
refrigerator. The aqueous mother liquor now contained an insignificant 
amount of lipide, as shown by evaporation to complete dryness followed 
by extraction of the residue. 

The alcohol-ether and alcohol extracts were evaporated as above, suc- 
cessive extracts being added as the earlier extracts became concentrated. 
The evaporation proceeded smoothly to dryness at 35-40° without any 
trouble from foaming. Finally the ether extract of the initial acetone 
extract was added and evaporated to dryness. 

Fractionatton—The light or deep yellow residue (depending on the 
species) Was now repeatedly extracted with successive small portions of a 
petroleum ether-chloroform mixture (2:1) (PE-CHCl;). The insoluble 
portion was removed by centrifuging. ‘The solution was aspirated into 
100 ml. of acetone. ‘The almost white precipitate that formed was packed 
by centrifuging and the clear acetone supernatant was poured off. The 
precipitate was redissolved in PE-CHCl;, centrifuged free of a small amount 
of insoluble material, and again precipitated with acetone. The acetone 
precipitation was repeated. The acetone-insoluble material was again 
dissolved in PEX-CHCIl,; and put away in the refrigerator. 

The three acetone supernatants were combined and evaporated almost 
to dryness in a stream of nitrogen under reduced pressure. ‘The lipide 
residue was repeatedly extracted with warm acetone. The acetone ex- 
tract was allowed to cool to room temperature and the resultant precipitate 
collected by centrifuging. The acetone-insoluble material was added to 
the earlier crop. ‘To the clear acetone was now added 1 ml. of a saturated 
solution of magnesium chloride in ethyl aleohol. After vigorous shaking, 
the precipitate was centrifuged. The resultant clear acetone solution 


evaporated and weighed. The weight in all cases was very small. In several of the 
experiments, a small aliquot (5 or 10 ml.) of the serum was extracted exhaustively in 
an all-glass extraction outfit (Corning Glass No. 5200) with alcohol-ether (3:1) and 
alcohol. This extract was evaporated to dryness under reduced pressure and the 
lipides taken up in petroleumether. The latter was concentrated and the lipides frac- 
tionated with acetone, with MgCl, to insure complete precipitation of the phospho- 
lipides. The phosphorus in the latter was determined colorimetrically. The yield 
of lipide phosphorus per 100 ml. of serum with the larger scale extraction in all cases 
was close to that of the small scale extraction, e.g. for pig serum 3.63 and 3.64 mg. 
respectively; for beef serum 2.88 and 2.92 mg. respectively, and for dog serum 12.64 
and 11.89 mg. respectively. 
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was found by analysis to contain not more than a trace of phosphorus. 
It was saved for further study 

The precipitate of magnesium chloride and phospholipide was emulsified 
with water and dialyzed. The phospholipide emulsion was dried under 
reduced pressure. The resultant relatively small crop of phospholipide 
was either weighed and analyzed separately or combined with the main 
lot of acetone-insoluble material. An aliquot of this latter was now taken, 
dried, and analyzed for nitrogen, phosphorus, and choline. 

Purvficatoon—It is well known from the observations of others, partic- 
ularly MacLean (11), that the phospholipides isolated by acetone pre- 
cipitation from the total lipide extracts of tissues contain quite large 
amounts of non-lipide impurities which are rich in nitrogen. ‘The gross 
contamination of the phospholipides similarly obtained from blood plasma 
or serum has also been clearly demonstrated by the work of Folch and 
Van Slyke (7) and of Christensen (2). However, no data on the relative 
proportions of phospholipide and non-lipide impurities in the acetone-in- 
soluble lipides from sera seem to have been published. 

Such data have been obtained in this present work by dialyzing the 
emulsions of the crude acetone-insoluble lipides and determining the 
decrease in weight. Since the material was analyzed for nitrogen, phos- 
phorus, and choline, both before and after dialysis, the change in these 
components as a result of the dialysis could be calculated. For dialysis, 
the acetone-insoluble lipide was freed from organic solvent under reduced 
pressure, emulsified with water, and transferred quantitatively to a Visking 
sausage casing. Dialysis was carried out at +4° for 3 to 5 days in a rock- 
ing device against a steady flow of distilled water. The emulsion was 
kept stirred by marbles inside the sac. The lipide emulsion was now 
dried under reduced pressure at a low temperature. ‘The lipide residue 
dissolved in PE-CHCI,; to form a clear, very faintly yellow solution. 

Analysis of these dialyzed serum phospholipides showed that the ab- 
solute content of N, P, and choline was below that calculated for a mixture 
of lecithin, cephalin, and sphingomyelin. After considerable study it was 
discovered that, in spite of the earlier repeated precipitations with acetone, 
the material contained an appreciable amount of free fatty acids together 
with a small amount of neutral lipide that gave a strong reaction for fatty 
aldehyde with Schiff’s reagent (5). These could be removed by precipita- 
tion of the dialyzed phospholipide with acetone. 

Accordingly the following procedure was adopted: The bulk of the 
phospholipide was precipitated from the concentrated PE-CHC],; solution 
with acetone. The precipitate was washed once with acetone and then 
taken up in PE-CHCI,; and stored in the refrigerator. ‘To the clear super- 
natant acetone, magnesium chloride in alcohol was added and the resultant 
precipitate centrifuged. This further crop of phospholipide was emulsified 
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with water, dialyzed free of magnesium chloride, dried, and combined 
with the bulk of the phospholipide. 

Analyses—Aliquots of the PE-CHC},; solutions were freed of solvent in 
a stream of N» and dried over P,O;. This weighed sample was redissolved 
in chloroform. A suitable aliquot (40 to 100 mg.) was pipetted for the 
determination of nitrogen and phosphorus and another aliquot for choline 
determination. 

For nitrogen and phosphorus analysis, the sample was digested with 3 ml. 
of fuming sulfuric acid and 1 gm. of catalyst (copper sulfate 1 part, potas- 
sium sulfate 9 parts) for at least 4 hours on an electric heater. A small 
piece of sintered glass served as an efficient antibumping agent. The 
digest was dissolved in 25 ml. of distilled water. A 10 ml. aliquot was 
distilled in a micro-Kjeldahl apparatus‘ to determine the nitrogen content, 


TABLE I 
Replicate Analyses on Egg Lecithin 


Date Choline | N:P | C:P 
per cent per cent per cent 
Jan. 25 1.80 | 3.91 | 1.02 
1.75 3.80 16.95, 16.81 1.02 0.99 
16.90, 16.90 
Feb. 3 1.80 3.96 1.01 
“18 1.83 3.99 | 17.35 1.01 0.97 
Mar. 13 1.79 | 3.95 17.18 1.00 | 0.97 
Apr. 14 1.76 | 3.95 17.19, 17.00 0.99 0.96 
16.93, 16.82 
Average 1.79 3.93 17.00 1.01 | 0.97 


boric acid being used to absorb the ammonia. A 2 ml. aliquot, diluted to 
25 or 50 ml., was used to determine the phosphorus content by the method 
of Fiske and Subbarow (6). 

Choline was determined by the method of Entenman and Chaikoff (3), 
as prescribed by the authors, except that the choline reineckate was dis- 
solved in 10 or 25 ml. of acetone in volumetric flasks. 

All colorimetric measurements were made with a Coleman No. 11 
spectrophotometer. 

The three analytical methods were checked repeatedly by analyzing 
known solutions and also by the analysis of a purified sample of egg yolk 
lecithin. 

Since the latter results offer the best basis for assessing the significance 
of the data obtained on the sera phospholipides, they are set forth in com- 
plete form in Table I. These data need little discussion. Inspection 


* Scientific Glass Apparatus Company No. M-3065. 
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shows that the range in the C:P ratio, to which particular importance wil] 
be attached, is of the order of 0.03. Since the purified egg lecithin econ. 
tained no detectable amino N, the correct C:P ratio is presumably 1.00. 
The data indicate that the choline values tended to be somewhat too low. 
It has been our experience that one of the larger sources of variation in the 
absolute percentages of nitrogen, phosphorus, and choline is the difficulty 
in getting the true dry weight of the sample, due to the tendency of phos- 
pholipide to retain water or alcohol, on the one hand, and to oxidize on the 
other. The procedure used in this study was so chosen as to minimize 
factors that could reduce the accuracy of the N:P and C:P ratios. 


TaB_Le II 
Composition of Acetone-Insoluble Lipides 
Serum | N | | | N:P | cr 
| per cont cent | 
Pooled human..... 2.40 | 2.70 | 12.20 1.97 1.00 
| 2.29 3.08| | | | 
Beef I.. | 2.49 | 2.47 | 11.40 | 2.23 | 1.08 
“Ta. | 2.65 | 2.95 | 12.84 | 1.99 | 0.97 
Sib. | 2.67 | 2.91 | 12.80 | 2.03 | 0.98 
Pig I | 2.84 | 2.67 | 12.45 | 2.45 | 1.08 
2.66 | 2.22 11.29 2.66 | 1.13 
Turkey It... 1.53 2.34 | 9.50 | 1.45 | 0.90 
ae eee 1.71 | 2.49 | 9.20 | 1.52 | 0.82 


* In these cases plasma was used. 
¢ All material] insoluble in cold ether was removed. 


Results 


The data on the nitrogen, phosphorus, and choline contents and on the 
N:P and C:P ratios of each of thirteen samples of the acetone-insoluble 
lipides from serum or plasma are given in Table IJ. Attention is first 
directed to the experiment in which two 1 liter portions of the same lot of 
beef serum (Ila and b) were carried in parallel through the entire procedure. 
The closeness of the analytical data supplements those presented in Table I 
on egg lecithin in demonstrating the satisfactory precision of the methods 
used. 

From the point of view of the primary purpose of the study, the C:P 
ratios given in the last column in Table IT are of the most interest. It may 
be seen that in the case of the pooled human, beef, and dog sera, the C:P 
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ratios are, within the error of the methods, equal to 1.00. These data 
thus can be regarded as a complete confirmation of the results of Taurog 
et al. (13). On the other hand, the C:P ratios on the acetone-insoluble 
lipides from human plasma and especially from turkey serum were definitely 
below 1.00, indicating the presence of a significant proportion of cephalin. 
In the case of the two pig sera, the C: P ratios were significantly above 1.00. 

The magnitude of the nitrogen values and of the N:P ratios for the 
crude acetone-insoluble lipides from serum shows very strikingly how 
grossly contaminated these lipides are by nitrogen-rich impurities. How- 
ever, this is brought out still more clearly by the data in Table III which 
show the percentage loss in weight, nitrogen, phosphorus, and choline on 
dialysis of twelve samples of serum acetone-insoluble lipides. It may be 


Taste III 
Per Cent Loss by Dialysis of Crude Acetone-Insoluble Lipides 

Serum | Weight | N | P | Choline 
Pooled human..... | 20.5 | 27.0 | 1.5 | 10.5 

Human I....... 36.0 33.4 | 3.8 | 

21.5 27.0 2.4 | 
Beef I. 37 .6 46.5 10.9 | 11.8 
Pig I..... 35.2 52.8 
40.1 51.9 1.4 12.2 
Dog... 25.7 57.4 14.2 16.7 
Turkey I 24.5 32.0 0 15.4 
es Il 24.3 12. 1 


40.9 


seen that from 21 to 40 per cent of the crude material diffused through the 
membrane and was, therefore, presumably non-lipide in nature. From 
27 to 57 per cent of the nitrogen was diffusible. The loss in phosphorus 
was In some cases insignificant, in others quite appreciable. In all cases 
choline was lost during dialysis in amounts ranging from 5 to 20 per cent 
of the total. 

In assessing the meaning of these losses, particularly of choline, one 
naturally wonders whether or not appreciable hydrolysis of phospholipide 
could occur during the 3 to 5 day dialysis at +4°. ‘To settle this question 
a sample of almost pure egg lecithin was dialyzed for 5 days and then put 
through the standard procedure. Of the initial material 95.6 per cent was 
recovered by drying the emulsion left in the sac. The percentages of N, 
P, and choline on the non-dialyzed and dialyzed lecithin were as follows: 
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1.79, 1.79; 3.95, 3.93; 17.18, 17.07. There were, therefore, only a slight 
loss in weight and no detectable change in the composition of lecithin ag a 
result of the dialysis. The very considerable and consistent loss of weight 
and of choline, and the less striking loss of phosphorus during the dialysis 
of the crude acetone-insoluble lipides from sera, presumably, therefore, 
are due to the removal of non-lipide contaminants.5 

The N, P, and choline contents and the N:P and C:P ratios of the eleven 
samples of serum or plasma phospholipides after purification by dialysis 
and reprecipitation by acetone are shown in Table IV. 


TABLE IV 


Composition of Acetone-Insoluble Lipides after Dialysis and 
Reprecipitation by Acetone 


percent percent | percent | | 


Pooled human®...................| 2.28 | 3.64 | 15.03 | 1.39 | 0.92 
Wiech cdevoessasexaes | 2.06 | 3.78 | 15.87 | 1.21 | 0.93 
| 2.17 | 3.97 | 16.46 | 1.21 0.92 
| 2.13 | 3.86 | 16.22 | 1.22 0.94 
| 2.07 | 3.93 16.29 | 1.17 0.92 
| 2.14 3.80 | 16.57 | 1.25 0.97 
2.09 3.80 | (16.57)¢ 1.22 (0.97)t 
is 3.40 11.93 1.05 0.78 


* The portion insoluble in cold petroleum ether had been removed. 
t In these cases plasma was used. 
t These analyses apply to the dialyzed phospholipide before precipitation with 


acetone. 
§ All ether-insoluble material had been removed. 


It is clear that in all cases except the two lots of turkey sera® the phos- 
pholipides contained not more than about 3 to 8 per cent of cephalin. The 
turkey serum phospholipides contained slightly over 20 per cent cephalin. 

As stated above, it was tentatively assumed that the N:P ratios of the 
purified phospholipides could be taken as a measure of the sphingomyelin 
content. On this basis, the data in Table IV indicate that sphingomyelin 


5 It is of course uncertain whether diffusable choline is present in the crude acetone- 
insoluble lipides or whether some other contaminant gives an insoluble reineckate 
and thus contributes to the apparent choline present. 

6 Dr. I. L. Chaikoff has informed the author that the C:P ratios of chicken plasma 
phospholipides have been found to range between 0.89 and 0.92. 
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made up from 15 per cent of the phospholipides in dog serum to 32 per 
cent in beef serum. The considerably higher value for the N:P ratio of 
the phospholipides from the pooled human serum than from the four 
samples of human plasma calls for comment. The explanation is not at 
allclear. It may, however, be the result of some cleavage of phospholipide 
during the storage of the pooled serum and that this hydrolysis affected 
the lecithin more than the sphingomyelin. It is noteworthy that the yield 
of phospholipide from the pooled serum was lower than from the fresh 
plasmas. ‘The low values for the N:P ratios of the phospholipides of the 
turkey sera were due to the fact that the ether-insoluble portion has been 
removed and analyzed separately. 

A comparison of the absolute values for the N, P, and choline contents 
of the various samples of serum or plasma phospholipides after purifica- 


TABLE V 
Amount and Composition of Phospholipide in Serum or Plasma 


Total Total phos-— | | Sphi 
Source lipide P| pholipide | Lecithin | Cephalin | —— 


mg. per 100 mg. per 100 mg. per 100 mg. per 100 mg. per 100 
| ml. mil. mi. mil. ml. 


Human Plasma 28 15 | 44 
“ «on | 6.67 | 165 | 17 | 18 | 3 

“ “« IV | 10.07 256 192 20 44 

Beef Serum I 83 60 2 21 
Pig Serum... 3.63 | 72 
14.18 365 288 22 55 


Dog 


tion with those required of a mixture of lecithin, cephalin, and sphingo- 
myelin shows reasonably satisfactory agreement. The agreement in the 
phosphorus values is especially significant, since it indicates that cerebro- 
sides are not an important component of the acetone-insoluble lipides and 
thus lends support to the use of the N:P ratio as a measure of the sphingo- 
myelin content. This point is more directly dealt with in the accompany- 


ing paper (12). 


DISCUSSION 


It is very evident that the data presented in this paper strongly support 
the conclusion first reached by Taurog et al. (13), and later confirmed by 
Entenman and Chaikoff (3) and by Hack (9), that the phospholipides in 
human and in dog plasma are mainly choline-containing, and thus that 
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cephalin is at most a minor component. The same has now been shown 
to hold for the serum phospholipides of the beef and of the pig. On the 
other hand, it is clear that this small proportion of cephalin cannot be 
regarded as a fixed characteristic of plasma phospholipide, since that of 
turkey serum contains about 20 per cent of cephalin. In view of the eyj- 
dence that phospholipide undergoes a rapid exchange between plasma and 
the liver (4, 10), the disparity in the relative proportions of lecithin and 
cephalin in plasma and in liver creates a very interesting and undoubtedly 
important problem. 

The total amount of purified phospholipide expressed in terms of phos- 
phorus and of the three components, lecithin, cephalin, and sphingomyelin, 
as calculated from the C:P and N:P ratios, in the serum or plasma of 
man, beef, pig, and dog is given in Table V. 


SUMMARY 


The acetone-insoluble lipides from fairly large volumes of human, beef, 
dog, pig, and turkey sera, and from four samples of human plasma, were 
isolated and analyzed for N, P, and choline. They were then dialyzed to 
remove non-lipide impurities, reprecipitated with acetone, and again ana- 
lyzed. 

The choline to phosphorus ratios for the purified acetone-insoluble 
lipides indicate that cephalin makes up about 20 per cent of the phospho- 
lipides in turkey serum and about 3 to 8 per cent of the phospholipides in 
human plasma and in the serum of beef, dog, and pig. 

The N:P ratios for the purified phospholipides indicate that sphingo- 
myelin makes up 15 to 32 per cent of the total (discounting the figure of 
39 per cent obtained from pooled human sera that had been stored for 
some time). 

The crude acetone-insoluble lipides were found to contain 21 to 40 per 
cent of diffusible, non-lipide impurities which were rich in nitrogen and 
apparently included some choline in all cases. 
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THE LECITHIN, CEPHALIN, AND SPHINGOMYELIN 
CONTENT OF SERUM* 


wl. AS INDICATED BY THE AMINO NITROGEN AND NON-DIFFUSIBLE 
PHOSPHORUS CONTENT AFTER DIFFERENTIAL HYDROLYSIS 
OF THE ACETONE-INSOLUBLE LIPIDES 


By R. G. SINCLAIR 
WITH THE ASSISTANCE OF HENRY TsUYUKI AND Eve MINovITCH 
(From the Department of Biochemistry, Queen’s University, Kingston, Canada) 


(Received for publication, February 7, 1948) 


In an accompanying paper (4) the author presented data on the choline 
to phosphorus (C:P) and nitrogen to phosphorus (N:P) ratios of the 
serum phospholipides of a number of animals before and after purification 
by dialysis. Since the C:P ratios in all instances were somewhat below 
1.00, it was concluded that cephalin was probably present in all the sera 
studied, although it made up, as a rule, only about 3 to 8 per cent of the 
total phospholipide. Only in the case of turkey serum was the C:P ratio 
indicative of a quite substantial proportion of cephalin, about 20 per cent 
of the total. 

The presence of cephalin is certainly the most reasonable interpretation 
of a C:P ratio less than 1.00. Nevertheless, other possible explanations 
had to be considered. The most obvious and most annoying possibility 
is that the method used for the determination of choline was giving results 
that were somewhat too low. Indeed, analysis of a highly purified sample 
of egg lecithin gave C:P ratios ranging from 0.96 to 0.99 whereas no amino 
nitrogen could be detected. Another possibility is that the serum or 
plasma contains a small amount of nitrogen-free phospholipides such as 
phosphatidic acid for example. It seemed, therefore, advisable to verify 
the presence of cephalin by the direct determination of the amino nitrogen 
content of the serum phospholipides. 

The N:P ratios of the purified serum or plasma phospholipides were 
found to range between 1.15 and 1.32. On the assumptions that all the 
non-diffusible nitrogen was actually lipide-bound nitrogen and that cere- 
brosides were at most a minor component of the serum lipides, these N:P 
ratios were taken as a measure of the sphingomyelin content of the phos- 
pholipides. It was felt that the validity of these assumptions should be 
verified by an independent and more direct determination of sphingomyelin. 


* Reported before the American Society of Biological Chemists at Chicago, May, 
1947. This work was supported by a grant from the Division of Medical Research, 
the National Research Council. 
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In order to meet both objectives, the method of Schmidt et al. (3) was 
adapted so that, after alkaline hydrolysis of the lecithins and cephalins, 
the water-soluble glycerophosphate, choline, and ethanolamine (or serine) 
could be separated from the non-hydrolyzed sphingomyelin by either 
solvent fractionation or by dialysis. Thus, the amino nitrogen content 
of the water-soluble or diffusible fraction was taken as a measure of the 
cephalin content, whereas the phosphorus content of the water-insoluble 
or non-diffusible fraction was taken as a measure of the sphingomyelin 
content. 


EXPERIMENTAL 


Portions (133 to 300 mg.) of the serum phospholipides, purified by dialysis 
followed by reprecipitation with acetone (4), were dissolved or suspended 
in 1 ml. of ethyl alcohol and then mixed with 20 ml. of N potassium hy- 
droxide in a centrifuge tube. The tubes were rotated on a wheel at 37° for 
22 (first experiment) or 34 (second experiment) hours. Concentrated hy- 
drochloric acid was then added until the contents were just acid to Congo 
red paper. 

In the first experiment, an attempt was made to fractionate the hy- 
drolyzed mixture into water-soluble and water-insoluble fractions by the 
use of solvents. ‘The contents of each tube were extracted repeatedly 
with a mixture of petroleum ether and chloroform (2:1). At first a heavy 
interfacial layer formed after the tubes were centrifuged. The PE-CHC|, 
extract was evaporated to dryness under ‘reduced pressure. The residue 
of fatty acids and unhydrolyzed lipide Was now extracted with acetone 
several times. The acetone-insoluble material was dried and analyzed 
for nitrogen and phosphorus. , 

The aqueous hydrolysate was evaporated to dryness and extracted 
with ethyl alcohol in order to get rid of the large amount of potassium 
chloride. An aliquot of the alcohol extract was taken for phosphorus 
determination. The remainder was evaporated to dryness, taken up in 
2.5 ml. of water, and used for the amino nitrogen determination (5). 

In the second experiment only petroleum ether was used for the extrac- 
tion of the hydrolyzed mixture. Each tube, after being centrifuged, con- 
tained three sharply defined layers: the lower aqueous layer, an interfacial 
layer of gel-like consistency, and a clear upper petroleum ether layer. 
This petroleum ether extract was evaporated and the residue fractionated 
into acetone-soluble and acetone-insoluble fractions, magnesium chloride 
being used to make the fractionation more complete. 

The resultant acetone-insoluble material was combined with the aqueous 
layer and the interfacial material and transferred to a small dialysis sac. 
This sac was enclosed in a large glass-stoppered tube, which was then filled 
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with water (20 to 30 ml.). The tube was allowed to stand for several 
hours with repeated inversion. The water outside the sac was then poured 
off and a fresh lot of water added. This process was repeated eleven times. 
The resultant solution of the diffusible, water-soluble components of the 
hydrolysis mixture was evaporated to dryness and the residue extracted 
with aleohol. After removal of an aliquot for P determination, the re- 
mainder was used for amino nitrogen determination as above. 

The non-diffusible material in each sac was further dialyzed against 
flowing distilled water and then freed of water by evaporation under 
reduced pressure. The residue was dissolved in chloroform and an aliquot 
taken for N and P determinations. 


TABLE I 
Amino Nitrogen Determinations after Hydrolysis of Serum or Plasma Phospholipides 


Source AminoN NH N:P C:P* 

per cent 
Human Plasma I | 0.10 0.06 0.93 
“ « Wi | 0.06 | 0.03 0.94 
lV | 0.06 | 0.03 0.92 
Beef Serum I 0.00 | 0.97 
0.00 0.96 
Pig “ I411 0.07 0.04 0.97 
0.00 0.94 
Turkey Serum I + II 0.25, 0.26 0.16 0.79 


* From the accompanying paper (4). 


Results 


Amino Nitrogen Content of Hydrolysate—The yields of amino nitrogen 
expressed as percentages of the serum phospholipides hydrolyzed are given 
in the second column of Table I. It will be seen that in three instances, the 
two beef sera and dog serum, no amino nitrogen was found. The turkey 
serum phospholipides yielded quite substantial amounts of amino nitrogen, 
with good agreement between the duplicate determinations. The human 
plasma and pig serum phospholipides yielded small but quite significant 
amounts of amino nitrogen. 

In Table I the amino nitrogen content of the mixed phospholipides is 
also expressed as the NH.N:P ratio. The C:P ratios are given as in the 
accompanying paper (4). If all the lipide P of serum is accounted for as 
lecithin, sphingomyelin, and a little cephalin, the NH.N:P and C:P ratios 
should add up to 1.00. Actually, the precision of the methods was not 
such as to expect such a result. In eight out of the nine cases, the sum of 
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these two ratios fell within the range, 0.95 to 1.01. These results thus 
offer definite evidence that cephalin is a real, though very minor, component 
of plasma phospholipides. The only discrepancy is in the case of the dog 
serum phospholipides, which gave no amino nitrogen, although the C:P 
ratio was 0.94. 

Phosphorus Distribution after Differential Hydrolysis of Serum Phospho- 
lipides—The data obtained in the first experiment involving differential 
hydrolysis of the phospholipides with alkali are given in Table II. It 
will be seen that 13 to 31 per cent of the total lipide phosphorus was re- 
covered in the water-insoluble, acetone-insoluble fraction after hydrolysis. 
Presumably this fraction contains all the phosphorus present in the mix- 
ture as sphingomyelin. Now, as pointed out above, if the mixed acetone- 
insoluble lipides of serum consist only of lecithin, a little cephalin, and 
sphingomyelin, then |(N:P) — 1] X 100should bea measure of the percentage 


TABLE II 
Distribution ¥ Phosphorus = Hydrolysis = Serum Phospholipides 


Hydrolyzed phospholipide 


Serum Dide,* Water-and acetone. 
x 100 | ‘Water-soluble P Total P recovered 
per cent | per cent per cent 
Beef I 25 18.9 71.2 90.1 
- 32 | 31.0 54.5 85.5 
Dog 15 | 13.0 70.4 | 83.5 
Pig 22 | 15.3 68.2 $3.5 


* From the accompanying paper (4). 


of sphingomyelin in the mixture. The values for sphingomyelin given by 
these two independent methods should agree. If, however, a considerable 
amount of cerebroside were present as well as sphingomyelin, the value 
estimated from the N:P ratio would be the higher. Both sets of values 
are given in Table II. It may be seen that in two cases the results ob- 
tained by the two methods agree reasonably well; in the other two cases 
there is a considerable discrepancy between them, the value obtained by 
the method of differential hydrolysis being considerably lower than the 
other. 

It will be seen that the sum of the water-insoluble, acetone-insoluble P 
and the water-soluble phosphorus after hydrolysis was very significantly 
below 100 per cent of that in the unhydrolyzed phospholipide. The reason 
for the loss is unknown. In the hope of improving the recovery of phos- 
phorus, in the second experiment dialysis was used as a means of frac- 
tionating the phosphorus-containing compounds, as described in the ex- 
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perimental section. ‘The results obtained in this second experiment are 
given in Table ITI. 

In this second experiment the values for the percentage of sphingomyelin 
as given by the non-diffusible phosphorus are almost the same as those 
given by the expression [(N:P) — 1] X 100. This fact would seem to indicate 
that cerebrosides are not present in significant amounts. However, since 
material was still available, it was decided to investigate the question more 
directly. The residual portions of the non-diffusible fraction of the hy- 
drolyzed acetone-insoluble lipides of human plasma were combined and 
analyzed for galactose by the method of Brand and Sperry (1). 

This material was found to contain 2.2 per cent galactose, which is 
equivalent to 10 per cent cerebroside. Thus, this single determination 
suggests that cerebrosides make up only about 2 per cent of the total 
acetone-insoluble lipides of human plasma. Since this proportion is small 


TaB_e III 
Distribution of Phosphorus after Hydrolysis of Human Plasma Phospholipides 
| Intact* | Hydrolyzed phospholipide 
Human plasma No. af ide Total P recovered 
(N:P) ~ 1) X 100 Non-diffusible P Diffusible P 
| per cent per cent per cent 
I | 21 20.8 71.9 92.7 
II 21 23.1 69.4 92.5 
Ill 22 23.1 69.1 92.2 
IV 17 19.9 | 74.5 | 94.4 


* From the accompanying paper (4). 


as compared with the sphingomyelin content, it is evident that the latter 
is largely responsible for the N:P ratio in excess of 1.0. 


DISCUSSION 


The demonstration of small but significant amounts of amino nitrogen 
in the water-soluble hydrolysate of the phospholipides from each of the 
four samples of human plasma and from pig and turkey sera would seem 
to prove beyond any doubt that cephalin actually is a component of the 
plasma phospholipides in these animals. These direct determinations 
thus confirm the conclusion drawn from the C:P ratios. On the other 
hand, the failure to detect any amino nitrogen at all in the phospholipides 
from beef and dog sera shows that the C:P ratio is not always a reliable 
indication of the presence of cephalin. 

The values for the sphingomyelin content of human plasma, as calculated 
from the percentage of non-diffusible phosphorus after alkaline hydrolysis 
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of the mixed phospholipides, agree reasonably well with the data obtained 
by Schmidt et al. (3) and by Hack (2) by essentially the same method. 
The conditions chosen for differential hydrolysis (34 hours at 37° in n 
KOH) evidently caused no splitting of the amide linkage or of the phos- 
phoric ester linkage in the sphingomyelin. However, some splitting of the 
choline-phosphoric acid ester linkage evidently did occur, since the N:P 
ratios of the non-diffusible material were considerably below the value of 
2.0 required for sphingomyelin. Conversely the N:P ratios of the diffu- 
sible fraction were considerably above 1.0. It as clear, therefore, that 
time of hydrolysis is a very important factor in Hack’s adaptation of the 
Schmidt procedure for the determination of the lecithin, cephalin, and 
sphingomyelin content of a mixture. 


SUMMARY 


The acetone-insoluble lipides of human plasma, and of beef, dog, pig, 
and turkey sera, after purification by dialysis, were hydrolyzed with 1 N 
KOH. Water-soluble amino nitrogen was found in sufficient amounts to 
indicate that cephalin makes up about 3 to 6 per cent of the total phos- 
pholipide in human plasma and pig serum but about 16 per cent of that 
in turkey serum. On the other hand, no cephalin was found in beef or 
dog serum. 

The phosphorus-containing compounds, after hydrolysis, were fraction- 
ated into diffusible and non-diffusible fractions. The latter, the sphingo- 
myelin phosphorus, was found to make up 15 to 32 per cent of the total 
phosphorus. These values for sphingomyelin are in quite good agreement 
with those calculated from the N:P ratio of the mixed acetone-insoluble 
lipides. 
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A DETAILED PROCEDURE FOR THE PREPARATION OF 
HIGHLY PURIFIED ADENOSINE TRIPHOSPHATE* 


By ALEXANDER L. DOUNCE, ASER ROTHSTEIN, G. THANNHAUSER 
BEYER, REBECCA MEIER, anp RICHARD M. FREER 


(From the Department of Biochemistry and the Department of Radiology, Division 
of Pharmacology and Toxicology, School of Medicine and Dentistry, The 
University of Rochester, Rochester, New York) 


(Received for publication, December 29, 1947) 


A number of procedures for the preparation of adenosine triphosphate 
(ATP) have appeared in the literature (1-11) and methods have been 
described briefly for increasing the purity of partially purified ATP (10, 
12-14). These methods yield ATP in various states of purity, but either 
they are tedious or do not yield pure product, or are described in insufficient 
detail to permit a biochemist not expert in isolating phosphorylated prod- 
ucts to obtain the ATP in the reported yields without difficulty and loss of 
time. In some cases too few analytical data are recorded to define the 
purity of the product. 

The following method for preparing ATP is presented in sufficient detail 
to be easily repeated by a student in an advanced biochemistry course, and 
vields ATP of a high degree of purity and in reasonably good yield. The 
method has been checked by a number of workers in this laboratory, includ- 
ing several graduate students, and by one worker in another laboratory.! 
2 to 3 days of intermittent work are required to obtain the product from 
one or two rabbits. The method can also be applied to properly washed 
yeast with one very slight modification. 

There are no new principles involved in the method, which is based upon 
procedures originally employed by Lohmann and Schuster (5) and by Kerr 
(6). The success of the method probably depends upon the order in which 
the precipitations with mercury and barium are carried out and in the 
exact control of experimental conditions at each step. 

The ATP prepared as outlined above has been tested for biological 
activity by using washed yeast cells. In the presence of glucose the ATP 
is converted to adenylic acid but no inorganic phosphate appears; in the 
absence of glucose the ATP is hydrolyzed to adenylie acid and free inor- 
ganic phosphate, both of which can be recovered quantitatively in the 


* This work was supported in part by the Donner Foundation, Inc., and in part is 
based upon work performed under contract No. W-7401-Eng-49 for the Atomic Energy 
Commission Project at The University of Rochester. 

1 Dr. P. 8S. Krishnan in the laboratory of Professor J. B. Sumner at Cornell Uni- 
versity, Ithaca, Now York. 
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medium. In these experiments the ATP prepared from rabbit or yeast 
behaves in the same manner. In addition, rabbit ATP has been used for 
the preparation of adenosine diphosphate (ADP) by a modification of the 
method of Lohmann (15) with lobster muscle, yielding ADP in a high state 
of purity. 
EXPERIMENTAL 
Preparation of Animal 


Without Curare—The preparation of the animal is one of the most impor- 
tant steps in the procedure for obtaining ATP. If this is done carelessly, 
the yield may be very low. In most of our experiments we have anes- 
thetized the rabbit with nembutal, given very slowly by ear vein. When 
complete anesthesia is obtained, one carotid artery is isolated and a longi- 
tudinal slit is made in it with a sharp scalpel. The animal is then allowed 
to bleed to death. In repeated experiments it has been found that this 
procedure leads to at least as good yields of ATP as does the method of 
DuBois, Albaum, and Potter (8) with magnesium sulfate anesthesia. How- 
ever, the latter method may be more useful to an experimenter not trained 
in physiological techniques. 

As soon as the animal is dead, it is quickly skinned. If nembutal alone 
or magnesium sulfate has been used for anesthetic, the skin is cut off at the 
neck, care being taken not to break the back or neck of the animal. The 
viscera are quickly removed and the body is placed in a bucket of ice water 
containing a large amount of ice. When the temperature of the carcass is 
in the neighborhood of 5°, the muscles can be cut out without any twitching 
whatsoever. The hind leg and back muscles and, if desired, the fore leg 
and pectoral muscles are dissected as quickly as possible and are placed in 
a beaker containing ice and water. It is of advantage to carry out the 
work on the carcass in a cold room if possible. It is also of some advantage 
to place the muscles in liquid air instead of an ice-water mixture, so that 
subsequently they can be broken up into small pieces with a hammer or 
in a meat grinder, in order to minimize slowing of the Waring blendor in 
subsequent steps because of the presence of long strands of connective 
tissue. 

With Curare—Nembutal is administered by vein until deep anesthesia is 
produced, and the animal is allowed to remain in the anesthetized state for 
20 minutes. Then 15 units of intercostin (Squibb) are rapidly injected 
intravenously. The respiration of the animal stops immediately. After 
1 to 2 minutes the animal is decapitated (or allowed to bleed from a pre- 
viously isolated carotid artery) and as much blood as possible is drained. 
The abdominal and intercostal muscles can be used as well as the leg and 
back muscles. 
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The use of curare probably permits more latitude in preparation of the 
animal and permits the use of more of the muscle mass. It is doubtful 
whether the yield of ATP per kilo of muscle is materially increased over the 
yield that can be obtained if the procedure without curare is carried out 
with sufficient care. 

After the animal is dead, all subsequent operations described above 
should be carried out as rapidly as possible, regardless of what anesthetic 
has been used. It is better not to obtain all the available muscle than to 
spend more than half an hour in dissecting small pieces. A 4 kilo rabbit 
should yield about | kilo of muscle. 


Preparation of Adenosine Triphosphate from Rabbit Muscle 


1. Cut the muscle into tiny bits with scissors, or else run it once through 
an ice-cold, hand-operated meat grinder. Mix 100 gm. portions of the 
muscle in a Waring blendor with 200 ml. portions of ice-cold 8 per cent 
trichloroacetic acid. About 2 minutes of mixing in the blendor will be 
required for each portion. Small amounts of crushed ice should be added 
to the blendor to keep the extraction mixture at a low temperature. Pour 
the mixture from the blendor into a double layer of cheese-cloth, and then 
make a bag of the cheese-cloth and squeeze out the liquid, working the mass 
of muscle with the hands until practically no liquid remains in the bag. 
Rubber gloves should be worn, if possible, to avoid irritation of the hands 
by the trichloroacetic acid. This work should be carried out in a cold room 
to insure maximal vields. 

When all of the muscle has been extracted with 8 per cent trichloroacetic 
acid, weigh the residue from the cheese-cloth bags and reextract by mixing 
200 gm. portions of the residue with 400 cc. of 5 per cent trichloroacetic acid 
in the blendor for 2 minutes, with the addition of small amounts of crushed 
ice, as before. 

Squeeze the second extract of the muscle through cheese-cloth bags as 
before, and combine the first and second extracts. Filter the combined 
extracts through fluted filter paper in the cold room or ice box. At this 
stage, and at all subsequent steps in which the solution of ATP is acid, it 
must be kept as close to 0° as possible. 

2. Neutralize the filtrate from step (1) with 10 per cent NaOH to pH 7.2 
to 7.5 (using bromothymol blue and phenol red indicator solutions on a spot 
plate as a control). About 300 ml. of 10 per cent NaOH may be required 
for the muscle from one good sized rabbit. 

3. Add glacial acetic acid to the neutralized solution from step (2) in the 
cold with stirring until the concentration of acetic acid in the solution is 0.2 
per cent. Next add slowly and with stirring 5 ml. of 20 per cent mercuric 
acetate dissolved in 2 per cent acetic acid for each 100 ml. of the original 
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trichloroacetic acid filtrate. Allow the precipitate to settle in the ice chest, 
decant, and centrifuge. Discard the supernatant. Wash the precipitate 
once with 0.5 per cent mercuric acetate (made by diluting the 20 per cent 
mercuric acetate in 2 per cent acetic acid 1:40 with distilled water). An 
amount of 0.5 per cent mercuric acetate equal to about 2 or 3 times the 
estimated volumes of the nucleotide precipitate should be used in this 
washing. 

4. Suspend the washed nucleotide precipitate in enough water to fill one 
large centrifuge tube (about 200 ml.) and pass in H.S for 1 hour, cooling 
the tube in ice-water. Centrifuge the precipitate of HgS and save the 
supernatant. 

Resuspend the precipitate of HgS in about 100 ml. of water and treat 
again with H.S for 15 minutes, cooling the tube again in ice-water.  Cen- 
trifuge the HgS (to be discarded) and add the supernatant to the super- 
natant from the first treatment of the nucleotide suspension with HS. 
Now pass a rapid stream of air into the combined supernatants (which 
should be allowed to warm up to room temperature) until the solution is 
practically free from H.S, judging by the odor. 

5. Adjust the pH of the aerated solution to 7.0, using NaOH with bromo- 
thymol blue as indicator. About 10 ml. of 10 per cent NaOH may be 
required for the material from one rabbit. Then dilute to 500 ml. with 
distilled water and add 1 ml. of 2 mM barium acetate per 100 gm. of muscle 
used. Let the precipitate settle (in the ice chest) and then decant and 
filter. The supernatant, which contains coenzymes, nucleotides, sugar 
phosphates, etc., can be discarded or saved for precipitation of the water- 
soluble, aleohol-insoluble barium salts of some of these materials if desired 
(with about 4 volumes of alcohol per volume of supernatant). The pre- 
cipitate of water-insoluble barium nucleotides is then washed twice with 
about 1 to 2 volumes of ice-water. 

6. The washed barium nucleotide precipitate is now suspended in about 
300 ml. of water and is dissolved by adding the minimal amount of glacial 
acetic acid slowly and with stirring. The pH should be between 3 and 3.5 
when solution is complete. (10 to 15 ml. of glacial acetic acid may be 
required for the material from one rabbit.) A small amount of undissolved 
precipitate is centrifuged off and discarded. 

7. Now dilute the dissolved barium nucleotides to 500 ml. and add 0.5 
ml. of 20 per cent mercuric acetate in 2 per cent acetic acid per 100 ml. of 
the original trichloroacetic acid filtrate, slowly and with stirring. Allow the 
precipitated mercuric nucleotides to settle (in the ice box) and decant and 
centrifuge. Wash the precipitated nucleotides once with 2 to 3 volumesof 
0.5 per cent mercuric acetate as in step (3). 
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8. Treat the washed mercuric nucleotide precipitate with H.S exactly 
as in step (4). 

9. Then add N NaOH slowly, with stirring, until a small amount of pre- 
cipitate forms. ‘This is Baz ATP resulting from a slight amount of barium 
which is carried through the mercury precipitation and sulfide treatments. 
If no precipitate forms when the pH has reached 6 or thereabouts, it may 
be necessary to add a drop or two of 0.5 mM barium acetate, but this is very 
unlikely. In any case only a very small amount of precipitate should be 
allowed to form. Centrifuge off this precipitate and discard. It will carry 
down colloidal sulfides. 

10. Adjust the pH of the supernatant from step (9) to pH 7.0 by adding 
more N NaOH, and, after diluting the solution to 500 ml., precipitate the 
barium salt of ATP exactly as in step (5), using the same amount of barium 
acetate as in step (5). Allow the precipitate to settle (in the ice chest), 
decant, and centrifuge. Then wash the precipitate twice with ice-water 
exactly as in step (5). Next wash the precipitate once with 50 per cent 
ethyl alcohol, once with 75 per cent alcohol, twice with 95 per cent alcohol, 
and twice with diethyl ether, using adequate volumes of the wash liquid to 
insure good washing. The precipitate should always be recovered from 
the wash liquid by centrifugation rather than by filtration. Finally, re- 
move the precipitate from the centrifuge tubes, allow it to dry on hard 
filter paper, pulverize, and place in a desiccator over P.O s for 2 or 3 days 
before analysis. The dried product will contain 4 molecules of water per 
molecule of Bag ATP. If the Ba, ATP is dried under high vacuum by 
means of a Megavac pump for 2 or 3 days, an anhydrous product is ob- 
tained. 

It has been found possible to obtain approximately an additional 1 gm. 
of ATP per kilo of muscle if all of the solutions containing the mercury or 
the barium salt of ATP are allowed to stand in the ice box for an additional 
length of time. The precipitates are collected and put through whatever 
part of the procedure that has not yet been carried out. For instance, 
additional precipitate from the original trichloroacetic acid extract must 
be dissolved and reprecipitated as barium, then mercury, and then barium 
salts, while material collected after precipitation the second time as mercury 
salt need only be precipitated once more as a barium salt. The purity of 
the additional ATP collected in this way appears to be as high as that of 
the main fraction. 


Preparation of Adenosine Triphosphate from Yeast 


Fresh bakers’ yeast is washed twice with distilled water in the centrifuge. 
A rather low speed must be employed, so that the light cells and débris are 
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discarded. About 10 per cent of the yeast material is thereby discarded at 
the first washing. This procedure is necessary to remove colloidal materia] 
which would subsequently render impossible the isolation of pure ATP. 

The rest of the procedure is the same as the procedure for isolating ATP 
from muscle, except that 20 per cent trichloroacetic acid is substituted for 
8 per cent trichloroacetic acid. 


Preparation of Adenosine Triphosphate Containing Radioactive 
Phosphorus 


10 million counts of P* in less than a mg. of sodium phosphate were 
injected intravenously into a rabbit. The animal «was then caused to 
exercise strenuously by placing it in a tub of water and allowing it to swim 
for 30 minutes. After this, the animal was allowed to rest for 2) hours. 


TABLE I[ 
Specific Radioactivity of Phosphate Groups of Adenosine Triphosphate 
Labile phosphate was hydrolyzed in 1 m HCl] for 7 minutes at 100° and separated 
from the stable phosphate by precipitation with barium acetate. Two of the three 
phosphates of ATP are hydrolyzed and separated by this procedure. 


Activity, counts per min. 


Materia! counted 
Total activity recovered after separation................ | 276 


* Calculated for the 2 molecules of labile P. 


Barium ATP was isolated in the usual manner from the animal by the 
procedure already described. The animal was prepared by the use of nem- 
butal and curare. The recovery of radioactive phosphate in the ATP, as 
well as the specific activity of the phosphate groups, is given in Table I. 
These results are essentially in agreement with those of Flock and Bollman 
(16), except that our recovery of radioactive phosphate in the ATP was 
considerably higher. 


Analysis of Adenosine Triphosphate 


The purity of the adenosine triphosphate prepared as described above 
has been investigated by carrying out a number of analyses on various 
preparations from rabbit muscle and veast. 

The results of analyses are summarized in Tables II, III, and IV. In 
addition, analyses which have been carried out by P. 8. Krishnan in the 
laboratory of Professor J. B. Sumner at Cornell University, using barium 
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Tasie II 
Analysis of Adenosine Tri Phosphate 


Constituent Found has | 

per cent ben: cent 
Barium 33.0 32.17 
Water. 8 8.47 
Hydrolyzable phosphate ( ‘as Pp 7.3 7.26 
Total phosphate (as P)* 11.0 10.88 
Ratio, total phosphate to hydroly sable eer 1.58 1.50 


* Inorganic phosphate, which was not determined, is included in these figures. 


Analysis of Second Lot of Adenosine Triphosphate 


heoretical for 


Constituent found Ra: ATP-4H2O 
per cent per cent 
Nitrogen OS 
Average 8.30 
Inorganic phosphate (as P) 0.20 
0.0 
Average 0.20 
Hydrolyzable phosphate (as P)* 7.25 
7.22 
7.26 7.26 
Average 7.24 
Total phosphate ‘as P)* 10.80 
10.08 
11.08 
Average 10.95 
Ratio, total phosphate to hydrolyzable phosphate 1.51 1.50 


* Inorganic phosphate is not included in these figures. 


ATP prepared by the method described in this paper, have yielded similar 
results. The vields reported by Krishnan were shghtly higher than those 


reported by us 
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The analyses for hydrolyzable and total phosphate which are recorded 
in Tables II and III were carried out following hydrolysis of the sample for 
7 minutes in N HCl or digestion in concentrated sulfuric acid, by a modifi- 
cation of the method reported by Sumner (17). In this modified method, 
3.0 ml. of 7.5 N HeSO,s were used instead of 5.0 ml., and care was taken to 
have the same concentration of other acid (HCI) in the standard as in the 
unknown. 


Tasie IV 
A nalyses of Other Lots of Adenosine T rt phos phate 


i= phosphate Nitrogen; Barium;  Pentose; 
Total of ATP phosphate s P); theoreti-  theoreti- theoreti- 


Lot No. | amount | gm. per P); calt calt calt 
kilo fresh calt for Bae for Ba: Baz 
muscle for Baz ATP,9.0 ATP, 35.3 | ATP, 19.3 
ATP. 86 ATP, 11.8 
gm. 
1. Rabbit muscle..... SOO 1.97 7.80 11.6 35.0 
4 are 2000 2.65 7.60 11.6 35.3 | 19.1 
5. Yeast. 458 | 1.22 | | 1 
Avernge.. 7.69| 11.7 | 8.83 | 35.1 | 19.3 
af 97.9 99.2 98.1 99.4 | 100.0 


No i inorganic pheaphate (as P) was 

* In all of these preparations with rabbit muscle, 10 per cent trichloroacetic was 
used instead of 8 percent. The latter gives somewhat better yields and is optimal in 
concentration for extracting the ATP. 

+ The theoretical results are based on Ba, ATP. Water was removed before 
analysis by evacuating in a vacuum desiccator over P.O; with a Megavac pump to a 
pressure considerably less than 0.1 mm. for 36 hours and allowing to stand under 
a vacuum for several weeks in the desiccator. 

tf Spectrochemical analyses performed by L. Steadman of the Department of 
Radiology indicate that the mercury content of this batch of ATP was less than 1 
molecule of Hg per 5000 molecules of ATP. 


Inorganic phosphate was determined on an aliquot of the stock ATP 
solution, immediately after it was made up, by the same method. 

Nitrogen was determined by the micro-Kjeldahl method with a copper- 
selenium catalyst. 

Barium was determined by precipitating as barium sulfate and weighing. 

Water was determined by the loss of weight of a sample after drying over 
P.Os5, with boiling toluene in an Abderhalden apparatus. 

The analyses reported in Table IV were carried out as follows: phos- 
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phates, a modification of the Fiske and Subbarow method ( (18), (19) 
p. 165); nitrogen, a micro-Kjeldahl method aceording to Johnson (20); bar- 
jum, determined gravimetrically according to the method of Kolthoff and 
Sandell (21); pentose, by a modification of the method of Mejbaum ( (22), 
(19) p. 166). 

The absorption spectrum of ATP prepared according to our directions is 
shown in Fig. 1.2. The absorption coefficient of 1.62 & 10‘ is in agreement 
with that obtained by Kalekar (23). 
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Fic. 1. Absorption spectrum of adenosine triphosphate. Concentration (C) = 

3.25 1O%M. my = (1/C) XK logio = 1.62 K 104. 
DISCUSSION 

We have described a relatively simple chemical procedure for the isolation 
of the barium salt of adenosine triphosphate from muscle and yeast which 
vields a fair amount of product (about 2.5 to 3.0 gm. per kilo of fresh un- 
dried muscle) in a highly purified state. There are no new principles 
involved in the method, but the technical procedure has been refined and 
standardized and is described in sufficient detail so that it is easily repeated 
in the hands of graduate students at The University of Rochester and 
Cornell University. 

The amount of radioactive phosphate recovered in ATP prepared from 
the rabbit injected with radioactive phosphate is remarkably high (about 
18 per cent of the dose). It is of interest that the specific activity of the 
two terminal phosphates in the radioactive ATP was considerably higher 
than that of the inner phosphate (see Table I). 


2 We are indebted to Dr. A. A. Pihl for determining the absorption spectrum of 
ATP prepared by our method. 
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SUMMARY 


1. An improved method has been described for the preparation of highly 
purified adenosine triphosphate (ATP) from rabbit musele and veast. 

2. The preparation of ATP containing radioactive phosphate has been 
described. 

3. Analvtical data have been furnished for a number of samples ot ATP 
prepared in different laboratories by the method described in this paper 
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GROWTH INHIBITION OF NEUROSPORA BY CANAVANINE, 
AND ITS REVERSAL* 
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Canavanine, an amino acid from jack beans, was discovered by Kitagawa 
and coworkers in 1929 (1, 2). The substance is not combined in the pro- 
teins of the seed, but occurs in the free state, and makes up 2.5 per cent 
of the dry weight of jack beans (3). Ina series of papers available to the 
authors for the most part in abstract only, the Japanese workers have 
reported extensive investigations into the chemistry and physiology of 
the substance. The structure of canavanine was established by Gulland 
and Morris (4) and by Kitagawa and Takani (6) as NH.-C(:NH)-NH-O-- 
COOH. Natural canavanine is of the configuration 
it), 

Canavanine is split by a liver enzyme to yield urea and canaline, N He-- 
O- CH, CH, CHNH.-COOH (3). More recent evidence has indicated 
that the canavanine-splitting enzyme may be identical with arginase (7). 
It has been claimed by Ogawa ((8) and elsewhere) that canavanine is 
essential for voung rats. The amino acid is non-toxic to mice, but pro- 
duces symptoms of intoxication when injected into dogs in a dose of 200 to 
400 mg. per kilo of body weight (9). 

In experiments designed to test the effectiveness of canavanine in sup- 
porting the growth of certain amino acid-requiring mutants of Neurospora 
we found instead that the substance exerts a strong inhibitory effect on 
the growth of the mold. Further investigation has revealed a number of 
interesting aspects of this phenomenon, among which ure the high degree 
of toxicity of the substance ior the mold, the complete reversibility of the 
inhibition under certain conditions, and the existence of a genetic factor 
determining sensitivity or tolerance. 


Materials and Methods 


The strains of mold used in this study are 1A, 4A, and 25a. All are 
wild type strains of Neurospora crassa, derived originally from. single 


* This investigation was supported by the Rockefeller Foundation and the 
Nutrition Foundation, Ine. 

t National Research Council Fellow, 1946-47. Present address, Department of 
Plant Breeding, Cornell University, Ithaca. 
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ascospores, and grow normally on the usual minimal medium containing 
sugar, salts, and biotin (10). Growth was measured as the dry weight of 
mold produced in 72 hours at 25° in 20 ml. of medium contained in 125 ml. 
Erlenmeyer flasks. 

Canavanine flavianate was isolated from jack bean meal by the method 
of Gulland and Morris (4). The flavianate was decomposed according to 
the procedure of Cadden (6), and canavanine was obtained as the sulfate. 
Klectrometric titration and elementary analysis of the salt indicate the 
constitutional formula (Cs 


Caleulated. © 26.65, HE 5.75, N 24.90, sulfate S 7.11; equivalent wt. 225 


Results 


In contrast to other natural amino acids which have been shown to 
produce inhibition of growth in Neurospora (11-13), canavanine is effective 
against the wild type, as well as against mutant strains. Different degrees 
of sensitivity are exhibited by different wild strains, however. Following 
the initial observation that canavanine retards the growth of strain LA, a 
number of other wild types were tested. It was found that three grades 
of resistance to the action of the amino acid can be distinguished: a high 
degree of resistance, shown by strain 4A; medium resistance, shown by 
strain LA; and low resistance, shown by strain 25a. In Fig. | are plotted 
typical experiments showing the growth of these strains as a function of 
canavanine concentration. It is seen that growth of strain 25a is abolished 
by concentrations of canavanine sulfate exceeding 1.25 y per ml. (5.55 X 
10° Mm with respect to canavanine). With strain 1A a 10-fold greater 
concentration is required to bring about a 55 per cent inhibition of growth, 
while strain 4A is inhibited to the extent of only 15 per cent by the highest 
concentration tested. 

Although the responses of strains 25a and 1A to canavanine are quite 
reproducible, strain 4A has not shown the same degree of tolerance to the 
substance in all experiments. In some tests it has behaved very much as 
strain LA (medium resistance), while in others it has shown absolute re- 
sistance. The results of a preliminary experiment have indicated that 
the age of the culture is probably a factor in determining the response of 
strain 4A, resistance increasing with age. 

In the present experiments the standard incubation period of 72 hours 
was used. If the culture flasks are allowed to incubate for longer periods, 
growth of strain 25a will eventually begin, even in the presence of relatively 
high canavanine concentrations. Whether this is caused by a loss of 
canavanine through spontaneous decomposition to desaminocanavanine 
(14), or by a change in the mold, we are not yet prepared to say. 
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Reversal of Canavanine [nhibition—On the assumption that canavanine 
interferes with the production or utilization of an essential metabolite, the 
| growth of strain 1A was measured in the presence of an inhibiting con- 
| centration of canavanine (50 y of canavanine sulfate per ml.) plus various 

supplements. In a preliminary experiment it was found that a mixture of 
water-soluble vitamins has only a slight effect on the inhibition, while 
‘hydrolyzed casein in a concentration of 1.25 mg. per ml. of medium com- 
‘pletely reverses it. ‘Two mixtures of amino acids were then tested, one 
containing Rose’s essential amino acids, the other the ‘‘non-essential’’ 
amino acids. Canavanine inhibition was abolished by the mixture of 
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Fic. 1. A, inhibition of the growth of Neurospora by canavanine. @, strain 4A; 
O, strain 1A; @, strain 25a. B&B, reversal of inhibition by arginine. Canavanin 
sulfate concentration, 0.25 mg. per 20 ml. in the strain 25a curve (@) and 1 mg. per 
20 ml. in the strain 1A curve (O). 


essential amino acids (final concentration, 0.05 mg. of each per ml.), while 
, the non-essential mixture produced a small effect (final concentration, 0.1 
mg. of each per ml.). 

The ten amino acids making up the essential mixture were then tested 
| singly, with the results indicated in Table I. It is seen that complete 
reversal of the inhibition was obtained only with arginine; lysine and 
methionine were moderately effective (60 per cent reversal), while the 

| remaining amino acids showed small activities. 
When the same series of amino acids was tested on strain 25a, it was 
found again that the inhibition is completely relieved by arginine. Lysine 
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is also effective in this strain, with an activity equal to 0.25 that of arginine 
on a molecular basis. None of the other amino acids showed any activity 
(Table I). Typical recovery curves are plotted in Fig. 1. It is caleulated 
that the effect of 1 molecule of canavanine is neutralized by about 3 mole- 
cules of arginine in strain 25a and by 0.3 molecules of arginine in strain 1A. 

-xperiments were next carried out to determine the relative effectiveness 
of optical isomers of arginine and lysine in overcoming canavanine in- 
hibition. The results show that L-arginine and L-lvsine are twice as active 
as the racemic mixtures in protecting strain 25a from the inhibition (“Table 
IT). It is concluded that only the natural enantiomorphs are active in 


Effect of Essential Amino Acids on Canaranine Inhibition 
(‘Concentration of canavanine, 4500 (50 y of eanavanine sulfate per 
the strain 1A series and Mm, 10,500 (21.4 4 of eanavanine sulfate per milo. in the strain 
25a series. Concentration of other amino acids, 0.1 mg. per ml. tn the strain TA 
series and M 400 in the strain 25a series. 


Supplement Strain 1A, growth Strain 2Sa, growth 

mr. mie 

None 72 a3 
+ L-arginine-HCl1. . 

+ pi-lysine-HCI. | 19 16 

+ pL-isoleucine 33 

+ L-methionine. . 47 

+ pL-valine.. 36 

+ vu-phenylalanine. 27 0 

+ .-tryptophan... 27 


this respect. This is somewhat surprising in view of the fact that arginine- 
less mutants of Neurospora utilize pL-arginine for growth just as readily 
as L-arginine (15). 

In another series of experiments, the effect on the growth of strain 25a 
of simultaneously varying the canavanine and arginine concentrations was 
measured. The results are presented in Table III. It will be noted that 
the degree of inhibition is independent of the absolute concentrations of 
the two amino acids, but is determined solely by the ratio of the concentra- 
tions. Inhibition quotients (ratio of canavanine concentration to arginine 
concentration) calculated from these data are close to 1.2 for complete 
inhibition and 0.3 for complete reversal. 
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Several miscellaneous guanidine derivatives have been tested for relief 
of canavanine inhibition, including guanidine, creatine, carbamidoarginine, 
guanidine valeric acid, guanidine butyric acid, and benzoylargininamide. 
The last two compounds were kindly supplied by Professor Carl Nie- 
mann. None of these substances was found to be active by itself. If the 


Il 

Lffect of Optical Isomers of Arginine and Lysine on Canavanine Inhibition 
The values represent growth of strain 254 in mg. Canavanine concentration, 
10,500 throughout. 


L-Arginine pi-Arginine t-Lysine pt-Lysine 

SOO 70.0 64.0 62.5 47.5 

1600 64.0 60.5 48.0 18.5 

Mm / 3200 58.5 42.0 21.0 0.0 

mu, 6400 42.0 5.0 0.5 0.0 

m/ 12,800 4.5 0.U 0.0 0.0 

uw / 25, 600 0.0 0.0 | 0.0 | 0.0 
Taste III 

(rrowth of Strain 26a on Independently Varying Concentrations of Arginine and 

Canavanine 


The values represent growth in mg. 


— 


Canavanine concentration 
Arginine concen- 
tration 


0 m/42,000 /21,000 u/10,500 /5250 /2625 m/1313 
M200 49.5 52.0 5O.U 47.0 59.0 
400 49.0 58.0 52.5 58.5 51.0 15.5 
wu / SOU 49.5 48.5 47.0 46.5 45.0 17.5 
mM / 1600 D5 49.5 5A.5 50.0 24.0 2.0 
M/3200 49.5 54.5 54.0 31.5 4.0 0.0 
m 6400 56.0 53.0 37.5 9.5 V0.0 0.0 
/ 12,500 50.5 34.0 4.0 0.0 0.0 0.0 
/ 25, 600 33.0 5.0 0.0 0.0 0.0 0.0 
mw 51,200 4.0 0.0 0.0 | 0.0 0.0 | 0.0 


medium is supplemented with just enough arginine to provide for a small 
amount of growth, then the further addition of carbamidoarginine produces 
a marked increment in the growth and guanidine a slight increase. The 
activity of carbamidoarginine is probably ascribable to its conversion to 
arginine by the mycelium, since experiments with arginineless mutants 
have shown that it supports the growth of these strains. 
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Experiments have been carried out to determine whether changes in 
temperature and pI affect the inhibition. Flasks containing an inhibitory 
concentration of canavanine (9.5 K 10° M) in basal medium were inoculated 
with strain 25a and incubated at 20°, 25°, 30°, and 35°, respectively. No 
growth was observed in any of the flasks after 78 hours. In another series 
of flasks, medium buffered at six pH values in the range 4.8 to 6.9 and con- 
taining Canavanine in a concentration of 4.75 & 10-5 mM was inoculated with 
strain 25a and incubated at 25° for 72 hours. Again, no relief of the 
inhibition was observed. 

Genelics of Canavanine Tolerance—The differences between various 
wild type strains with respect to canavanine tolerance made it of interest 
to investigate the inheritance of this character. Strain 25a was crossed 
with strain 4A and the spores from eighteen asci were isolated in order and 
transferred to agar slants. The resulting cultures were then tested for 
canavanine tolerance. In thirteen of the asci canavanine tolerance segre- 
gated in a manner indicating that tolerance and sensitivity are determined 
by alternative forms of a single gene. The remaining five asci, however, 
could not be so simply interpreted and it is evident that a more extensive 
series of crosses will be necessary in order to establish the mode of in- 
heritance of this pair of characters. 

Dr. H. J. Teas has analyzed a number of other crosses of resistant and 
sensitive strains, with results essentially similar to ours. 


DISCUSSION 


Perhaps the most remarkable feature of the inhibition by canavanine is 
the extraordinarily high degree of toxicity displayed by this compound, 
an amino acid of the natural series. Not only is canavanine effective in 
very low concentrations (order of 10 om), but the neutralization quotients 
0.3 and 1.2 obtained above contrast markedly with the values 100 to 10,000 
usually found for metabolic antagonists (16). It is of interest to note that 
the ability to synthesize arginine and lysine, the only effective antidotes 
so far discovered, is not protective; the strains used in this study are wild 
types capable of synthesizing all of the amino acids necessary for their 
normal growth from sugar and inorganic salts. This suggests that the 
relative immunity to canavanine intoxication displayed by strain 4A 
results from a mechanism for detoxifying or otherwise disposing of the 
compound, a mechanism presumably possessed by strain 25a in a much 
less active form, if at all. This would be analogous to the case described 
by Woolley (17), who found that certain pyrithiamine-fast microorganisms 
possess a system for destroying pyrithiamine, whereas sensitive strains do 
not. | 

Little can be said at present as to the mechanism of the inhibition. 
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Although the data suggest a competition between arginine and canavanine 
for an enzyme surface, it is difficult on this basis to explain the anticanava- 
nine action of lysine. ‘The present observations would appear to be related 
in some way to the lysine-arginine antagonism discovered by Doermann 
(11). One possible mechanism seems to be definitely excluded by our 
data; namely, the interference of canavanine with arginine synthesis. On 
this basis, one would expect to provide complete protection against canava- 
nine by supplying sufficient arginine in the medium for normal growth 
requirements. Studies of arginineless mutants (15) have shown that 
arginine in a concentration of M/2000 is sufficient for good growth. As 
can be seen in Table IIT, however, a/1600 arginine is not protective against 
the inhibition. 


We wish to thank Dr. G. Oppenheimer and Dr. A. J. Haagen-Smit for 
the microanalyses of C, H, and N. 


SUMMARY 


L-Canavanine from jack beans is a powerful inhibitor of the growth of 
certain wild type strains of Neurospora. Growth of the most sensitive 
strain is abolished by canavanine in a concentration of 5.55 & 10°-° m. 
Growth of a second strain is partly inhibited by canavanine, while a third 
strain is almost completely resistant. Resistance and sensitivity appear 
to be genetically determined. ‘The inhibition is reversed by L-arginine 
and, in one of the strains, by L-lysine. The antagonism between canava- 
nine and arginine ts of the “‘competitive” type, approximately 3 molecules 
of arginine being required to neutralize the effect of 1 molecule of canava- 
nine in the most sensitive strain. Lysine is about 0.25 us active as arginine 
for this strain. Although the mechanism of the inhibition is not known, 
the data exclude the possibility of interference by canavanine with arginine 
synthesis. 
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LETTERS TO THE EDITORS 


RELEASE OF ANTIBODY BY LYMPHOID TISSUE IN: VITRO* 
Sirs: 


Studies have been made of the release of antibodies during incubation 
of tissues from rats and mice immunized to sheep erythrocytes. Tissue 
minces were shaken at 38.5° in Warburg type flasks through which was 
passed a constant stream of 95 per cent oxygen-5 per cent carbon dioxide. 
The incubation medium was serum obtained from non-immunized animals 
of the same strain, age, and sex. After 3 hours incubation, comparison Was 
made of the antibody titer and the amount of protein released by the tissue 
in each flask. A separate aliquot of the same tissue was ground with sand 


Antibody Antibody Incubation 


Tissue mince release value extraction value selectivity 

(1) (2) ratio, (1)/(2) 
Liver. 13.2 (16)* 20.1 (64) 0.7 
Spleen (16 28.7 (64 
Kidney SS (SN) 15.0 (32) 0.6 
Lymphoid tissue 166.3 (16 3.1 (4) 53.2 


* The values in parentheses are reciprocals of hemolysin titers (doubling dilu 
tion method), 


in physiological saline, and the antibody titer and protein nitrogen otf the 
extract determined. In the table, antibody release is expressed as the 
ratio of the reciprocal of the titer to the number of mg. of protein nitrogen 
added to each mil. of serum during incubation. Similarly, antibody ex- 
traction is expressed as the reciprocal of the titer in the saline extract of a 
tissue, divided by the number of mg. of protein nitrogen in each mil. of the 
extract. The incubation selectivity ratio is equal to the antibody release 
value divided by the antibody extraction value. The magnitude of the 
incubation selectivity ratio indicates the extent of selective release of anti- 
body during incubation. 

Minces of lymphoid tissue (pooled thymuses and mesenteric nodes) of 
immunized mice released agglutinins and hemolysins against sheep erythro- 
eytes in higher titers, relative to the amount of protem added to the serum 

* This investigation was aided by grants from the American Cancer Society on 


recommendation by the Committee on Growth of the National Research Couneil, 
and from the Josiah Macy, Jr., Foundation. 
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during incubation, than either liver, spleen, or kidney minces. Agglutinin 
determinations were early abandoned, since agglutinating activity against 
sheep erythrocytes was found in saline extracts of non-immune mouse and 
rat tissues; this difficulty was not encountered with hemolysin determina- 
tions. 

The table presents the results of a typical experiment. Tissues were 
obtained from adult, male Sprague-Dawley rats exsanguinated under 
nembutal anesthesia. These animals were previously immunized by intra- 
peritoneal injections of 1 ml. of a 10 per cent suspension of sheep erythro- 
cytes (ten injections during 2 weeks). The incubation selectivity ratio is 
significantly large only for lymphoid tissue. 

Similar experiments have also been performed with tissues obtained from 
rats 5 days after a single intravenous injection of 0.5 ml. of a 2 per cent 
suspension of sheep erythrocytes. The results suggest that the behavior 
of lymphoid tissue and spleen in releasing antibody in vitro differed sig- 
nificantly with the method of immunization employed. Studies of thymus 
and mesenteric lymph nodes separately indicated that the capacity for 
selective release of antibody tn vitro by lymphoid tissue resides chiefly in 
the lymph nodes. When a nitrogen atmosphere replaced the oxygen- 
carbon dioxide mixture, the antibody release value was the same as the 
antibody extraction value. 

Splenic tissue from rats given a single intravenous injection of antigen 
had relatively high hemolysin titers both before and after incubation as 
did the serum medium in which the tissue was incubated. In several ex- 
periments, the titer of antibody released by spleen during incubation, plus 
that extractable from the tissue after the incubation period, was signifi- 
cantly greater than that demonstrable in splenic extracts prior to incuba- 
tion. The results suggest that antibody production may have occurred 
in vitro. 


Department of Physiological Chemistry SIDNEY ROBERTS 
Yale University Apams! 
New Haven ABRAHAM WHITE 


Received for publication, March 15, 1948 
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DIMETHYL-8-PROPIOTHETIN, A NEW METHYL DONOR 
Sirs: 


Studies of the ability of various compounds to promote the growth of 
rats on methyl-free diets supplemented with homocystine have established 
that a marked structural specificity is involved.! In this earlier report the 
only N-methyl compounds found to be capable of acting as direct methyl 
donors were choline, dimethylethyl-8-hydroxyethylammonium chloride, and 
betaine. During the course of testing other compounds structurally re- 
lated to choline and betaine for growth-promoting activity under these 
conditions, it was found in this laboratory that dimethylthetin, (CHs;)>- 
+SCHeCOO-, the sulfur analogue of betaine, was also very effective and able 


Diet Rat No. Diet period | Growth rate 

days gm. | gm. per day | gm. per day 
Basal diet 25 21 113—- 95 5.0 —0.9 
28 21 97-89 | 4.8 —0.4 
50 2° | 71 3.4 | —-0.8 
0.5% choline 24 21 106-1656 | 8.8 {| +92.7 
49 23 6-141 | 8.3 =| +2. 
51 21 85-153 | 9.2 | +3.2 
“« + 0.92% di- 4] 21 98-158 8.8 (| +2.9 
methylpropiothetin 48 21 88-137 | 7.9 | +42.3 


57 21 101-180 2. | .4862 


* Rat died. 


to support growth about as well as choline itself.2.* The rédle of dimethyl- 
thetin as a methyl donor has been further explored in vitro by Dubnoff and 
Borsook.* 

Recently Challenger and Simpson® reported the isolation of dimethyl- 
propiothetin, (CH;)o*SCH2CH2COO-, from a marine alga, Polysiphonia 
fastigiata. Since this compound is a homologue of dimethylthetin, it oc- 
curred to us that it might also be an active methyl donor, and this has 
proved to be the case. In the table are shown the average growth rates of 
rats on a basal diet® containing no methionine and 0.87 per cent of homo- 
cystine, and supplemented with 0.92 per cent of dimethylpropiothetin 


1 Moyer, A. W., and du Vigneaud, V., J. Biol. Chem., 143, 373 (1942). 

2 du Vigneaud, V., Harvey Lectures, 38, 39 (1942-43). 

4 du Vigneaud, V., Moyer, A. W., and Chandler, J. P., J. Biol. Chem., in press. 
‘ Dubnoff, J. W., and Borsook, H., Federation Proc., 7, 152 (1948). 
*’ Challenger, F., and Simpson, M. I., Biochem. J., 41, p. xl (1947). 
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chloride. For comparison are given corresponding data for the animals 
on a similar diet containing 0.5 per cent choline instead of the thetin, and 
for those on the basal diet containing no methy! donor. 

The animals on the diet containing dimethylpropiothetin grew as well 
as those on the diet containing choline and remained in excellent condition 
throughout the experiment. There was no kidney enlargement detectable 
at any time, and on autopsy there were no signs of hemorrhagic damage to 
the kidneys as there were in the case of the animals on the basal diet. 
Estimation of total liver lipides gave values which agreed closely with 
those from the rats fed choline. 

The significant discovery of this compound as a naturally occurring sub- 
stance, coupled with our findings of the pronounced growth-promoting 
activity of both dimethylthetin and dimethylpropiothetin, makes it appear 
possible that these substances, or closely related derivatives, may be 
present in animal tissues and may take part in normal methylation proc- 
esses. A more detailed study, including data for other related com- 
pounds, is to be published in due course. 


Department of Biochemistry GborGe A. \law® 
Cornell University Medical College VINCENT DU VIGNEAUD 
New York City 


Received for publication, March 29, 1948 


* Commonwealth Fund Fellow. 
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SYNTHESIS OF NICOTINIC ACID FROM TRYPTOPHAN BY 
THE DEVELOPING CHICK EMBRYO* 


Sirs: 


Recent investigations with several species of animals have revealed that 
tryptophan can be converted into nicotinic acid within the tissues of the 
animals, by the intestinal microorganisms, or by a combination of these 
mechanisms. In the present investigation more direct evidence has been 
obtained to demonstrate that this conversion can oecur within the tissues 
in the absence of the complicating effects of the intestinal flora. Develop- 
ing chick embryos were selected for these tests. Eggs from hens main- 
tained on a standard diet were incubated for a period of 7 days and injected 
with 2 ml. of a sterilized solution containing 30 mg. of L-tryptophan dis- 


Nicotinic acid content* 


Total 

Y per gm. meg. 
Controls . 14.1 (13) u.91 
Tryptophan . 17.5 (16) 1.13 

Statistical analysis 

F value observed | 17.98 20.25 
‘required (1% level) 7.68 7.68 


* The number of embryos analyzed is given in parentheses. 


solved in 0.9 per cent saline adjusted to neutrality. Eggs injected with 2 
ml. of 0.9 per cent saline served as controls. ‘The injection techniques 
devised were such as to minimize injury to the embryo and to minimize 
bacterial infections which may result from the manipulations used. After 
injection, the eggs were incubated for an additional 10 days. The entire 
contents of each egg were then homogenized in a Waring blendor with an 
amount of water equal to the original weight of the egg before incubation. 
Aliquots of the homogenates were autoclaved with an equal amount of 
2 N H.SO, for 30 minutes and, after appropriate preparation of the samples, 
the nicotinic acid content was determined microbiologically. Only those 
embryos that were alive at 17 days were taken for analysis. A summary of 
the results obtained for two separate experiments is presented in the ac- 
companving table. 


* Acknowledgments are made to Frances Panzer for valuable technical assistance. 
This work was supported in part by a grant from Swift and Company. 
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A statistical analysis of the data showed that the addition of tryptophan 
increased the nicotinic acid content and that the results are highly sig- 
nificant (2? < 0.01). The values obtained for the controls are in excellent 
agreement with those reported by Snell and Quarles! for chick embryos of 
the same age. 

It may be concluded, therefore, that nicotinic acid is synthesized from 
tryptophan within the tissues as evidenced by the results obtained with the 
developing chick embryo. The results obtained substantiate the sugges- 
tions that tryptophan serves as a precursor of nicotinic acid synthesis in 
the chick,? turkey,’ and other animals.‘ 


Departments of Biochemistry and Nutrition, S. SCHWEIGERT 
Poultry Husbandry, and Genetics H. L. GERMAN 
Agricultural and Mechanical College of Texas M. J. GARBER 
College Station 


Received for publication, April 2, 1948 


- 


1 Snell, E. E., and Quarles, E., J. Nutr., 22, 483 (1941). 

? Briggs, G. M., Groschke, A. C., and Lillie, R. J., J. Nutr., 32, 659 (1946). 

* Furman, C., Snell, E. E., and Cravens, W. W., Poultry Sc., 26, 307 (1947). 

‘Singal, 8S. A., Briggs, A. P., Sydenstricker, V. P., and Littlejohn, J. M., J. Biol. 
Chem., 166, 573 (1946). Schweigert, B. 8., and Pearson, P. B., J. Biol. Chem., 168, 
555 (1947); 172, 485 (1948). Henderson, L. M., Deodhar, T., Krehl, W. A., and 
Elvehjem, C. A., J. Biol. Chem., 170, 261 (1947). 
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BIREFRINGENCE OF FLOW OF PREPARATIONS OF MYOSIN* 


Sirs: 


Mommaerts' has reported that myosin, prepared according to Szent- 
Gyérgyi, has an extinction value of 12°, and that actomyosin orients 
parallel to the optical axis when studied in the birefringence of flow appara- 
tus. Von Muralt and Edsall? many years earlier had reported an extinction 
value of 12° for myosin preparations now presumed to have been actomyo- 
sin. During the course of an extensive study of the physical properties of 
the myosin complex we have had occasion to study birefringence of flow in 
an apparatus similar to the one described by Edsall e¢ al. The results we 
have obtained appear to reconcile the previous observations. 

Crystalline myosin, obtained by an adaptation of the methods of Szent- 
Gyorgyi' and found to be homogeneous in the ultracentrifuge, was found to 
have an extinction angle of 22° when examined at velocities as great as 
1600 r.p.m. Fibrous actin, prepared from crude actomyosin or from ace- 
tone-desiccated muscle, was found to orient parallel to the optical axis at 
velocities as low as 100 R.p.mM. When crystalline myosin and _ purified 
fibrous actin were mixed in the ratio of 3 parts to 1, on a basis of nitrogen 
content, the extinction was observed to change over a 2 hour period and at 
300 r.P.M. from an initial value of 35° to 12°. If the myosin-actin ratio was 
increased to 1 or greater, complete orientation was observed. When 
minute amounts of actin were mixed with crystalline myosin, an extinction 
of 12° was observed at high velocities. Actomyosin extracted from muscle 
by the methods of Weber and Meyer® was observed to have an extinction of 
12° at 300 r.p.m. It thus appeared that the increment in birefringence of 
flow of actomyosin over that of myosin was related to the actin content; the 
normal ratio in the actomyosin complex appeared to be approximately 3 
parts of myosin to 1 part of actin. 

The birefringence of flow of crystalline myosin and actomyosin but not 
of actin was found to be reduced by the addition of adenosine triphosphate 
(0.01 per cent solution). The reaction with myosin was monophasic, of 
small magnitude, and transient; with actomyosin the reaction was biphasic 
and sustained. The first phase of the reaction of adenosine triphosphate 


* These studies were supported by a grant from the United States Public Health 
Service. 

1 Mommaerts, W. F. H. M., Nature, 156, 631 (1945). 

2 von Muralt, A. L., and Edsall, J. T., J. Biol. Chem., 89, 351 (1930). 

3 Edsall, J. T., Gordon, C. G., Mehl, J. W., Scheinberg, H., and Mann, D. W.., 
Rev. Scient. Instruments, 16, 243 (1944). 

*Szent-Gydérgyi, A., Chemistry of muscular contraction, New York (1947). 

’ Weber, H. H., and Meyer, K., Biochem. Z., 266, 137 (1933). 
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and actomyosin appeared to be identical with that observed with myosin, 
The second phase was sustained and of much greater magnitude; recovery 
from this phase resembled the combination of actin with myosin. Results 
of studies of viscosity and ultracentrifugal behavior under similar conditions 
will be presented in the near future. 
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A NEW MAGNESIUM-ACTIVATED ADENOSINTRIPHOS- 
PHATASE FROM MUSCLE* 


Sirs. 
Besides the ATPase! which is bound to the myosin fraction,? the muscle 
contains a second powerful ATPase which can be completely separated from 


myosin. Although it is mainly responsible for the ATPase activity of fresh 
muscle extract,’ it was overlooked owing to its instability. It is best ob- 


e-* 
35 
25 
x 
\ 
1S 4 
pire 
aa 
Ie------- 
6.0 70 pH 80 990 
Fic. 1. Ordinate, Q» in hundreds. Mg concentration = 0.005 wm. Curve I, a 


Mg-activated ATPase of rather low activity, in histidine buffer; Curve II, a crystalline 
myosin preparation, in borate; Curve ILI, inyosin-actin (ratio 4:3) in acetate-veronal. 
calculated on the basis of myosin only. 


tained by extraction with fairly alkaline KC] solution (0.5 m, pH. 10.5, 
carbonate buffer), dilution with 6 volumes of water, and precipitation of 
the supernatant (after centrifugation) with 0.35 saturated ammonium 
sulfate. Precipitation is repeated and the enzyme is further purified on 
precipitation by dilution with H,O. Finally the enzyme is dissolved in 
0.5“ KCl and centrifuged at 18,000 «K g for § to 1 hour. The active 


* This work was aided by grants from the American Cancer Society and the United 
States Public Health Service. 

‘ATP, adenosine triphosphate; ATPase, adenosinetriphosphatase, splitting only 
one labile P group. 

* Engelbardt, W. A., and Lyubimowa, M. N., Nature, 144, 668 (1939). 

* Lohmann, K., Biochem. Z., 281, 264 (1934). 
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precipitate contains some lipide besides protein. Nucleic acid can be re- 
moved without change of activity. Myosin and actomyosin are completely 
removed in the first steps of this procedure. Centrifugation increases the 
activity about 3 times. Qp (c.mm. of H3PO, per mg. of protein per hour) 
at pH 7.5 in the presence of 0.005 m Mg lies usually between 7000 and 
10,000, but decreases rapidly. The pH-activity curve is shown in Fig. 1. 
At pH 9.5 the activity is nearly zero. Ca inhibits strongly. The activity 
is therefore antagonistic to that of myosin. Addition of actin shifts the 
pH optimum of myosin-ATPase to more neutral values and also elicits 
some activation by Mg, as had been found by Szent-Gyoérgyi.t This is 
shown in the dotted curves in Fig. 1. However, our Mg ATPase is free of 
actin and actin has no influence on its activity. 1 gm. of fresh muscle con- 
tains about as much of the new enzyme as of myosin ATPase (measured at 
their pH optima with Mg and Ca respectively). By its indifference to the 
presence of creatine, it is distinguished from muscle enzyme preparations 
described by other authors (Engelhardt, Cori). 


Department of Physiological Chemistry W. Wayne Kieuiey® 
School of Medicine Orro Mryrruor 
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‘Chemistry of muscular contraction, New York, 50 (1947). 
5 Senior fellow of the National Institute of Health. 
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THE INTERMEDIATE ROLE OF CARBAMYL-L-GLUTAMIC ACID 
IN CITRULLINE SYNTHESIS* 


Sirs: 


The carbon dioxide fixation reaction in the initial step of the urea cycle 
has been assumed to involve the direct carboxylation of the -amino group 


50r 
LJ 
ol 
30 
0-0 @-@ EFFECT OF AMMONIA 
U 0-0 EFFECT OF L-ORNITHINE 
O-A A-A EFFECT OF L-GLUTAMATE OR 
> CARBAMYL L-GLUTAMATE 


l2 4 YS 24 
UUM SUBSTRATE 

Fic. 1. Final substrate concentrations. Magnesium sulfate 6 XK 10°3 m; ATP 
1.2 10°°m; AMP 4 X potassium phosphate buffer at pH 7.15, 1.3 10°? 
fumarate 2 X 10°? mM and potassium ions to bring the medium to isotonicity. Tissue 
concentration 4.76 mg. of N per flask. In experiments in which any given substrate 
concentration was not varied, the final concentration of each was as follows: am- 
monia 2 X 107° mM; ornithine (calculated on the basis of L-) 2.5 1073 M; carbamyl-L- 
glutamate 3.8 X 10 L-glutamate 3.8 10° Incubation time 35 minutes at 38° 
in air. KOH incenter wells. The open symbols represent experiments in which 
L-glutamie acid is used; the solid symbols, those in which carbamyl-.-glutamic acid 
is used. 


of ornithine.' A more detailed study of this reaction, with use of the 
washed residue from potassium chloride-homogenized rat liver? revealed 


* Aided in part by a grant from the Wisconsin Alumni Research Foundation. 
1 Krebs, H. A., in Annual review of biochemistry, Stanford University, 5, 262 (1936). 
2 Cohen, P. P., and Hayano, M., J. Biol. Chem., 172, 405 (1948). 
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